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Name: Dr. Md. Shafikuddin MoUah 
Present position: Senior Lecturer of Physics 
Institution: Aligarh Muslim University 
Nationality: Indian 
Corresponding address: Department of Physics, Aligarh Muslim University, 
Aligarh- 202002, India. 
Tel & Fax: +91-571-2701001 
Email: smollah@redifi&nail.com, s.mollahm@lycos.com 
Permanent address: Flat No. S. F. 6, Shahil Apartments, Anupshahar Road, Kabir 
Colony, Mgarh-202002, India. Tel: +91-571-2705707 
Educational qualifications: 
Ph.D (Science), 1993, Indian Association for the Cultivation of Science, Kolkata, India. 
M.Sc. (Physics), 1989, University of Calcutta, Kolkata, India. 
B.Sc. (Physics Honours), 1987, University of Calcutta, Kolkata, India. 
Research experience: 15 years 
Teaching experience: 8 years 
Specialization: Solid State Physics, Amorphous Semiconductor, Superconductor and 
Colossal Magnetoresistance (CMR). 
Positions held in India: 
(i) Senior Lecturer (Assistant Professor), Department of Physics, Aligarh Muslim 
University, Aligarh-202002, India. August, 1998- till date. 
(ii) Assistant Professor, Department of Applied Physics, Birla Institute of Technology, 
Mesra, Ranchi, India. September, 1997 - July, 1998. 
(iii) Postdoctoral Research Associate, Pressure standards. National Physical Laboratory, 
New Delhi, India. April, 1997 - August, 1997. 
(iv) Postdoctoral Research Associate, Department of Solid State Physics, Indian 
Association for the Cultivation of Science, Kolkata, India. October, 1993 - February, 
1994 and March, 1995 - October, 199S. 
(v) Jimior & Senior Research Fellow, Department of Solid State Physics, Indian 
Association for the Cultivation of Science, Kolkata, India. December, 1990 -
October, 1993. 
Positions held in abroad: 
(i) Postdoctoral Fellow, Department of Physics, National Sun Yat Sen University, 
Kaohsiung 804, Taiwan, ROC. September, 2001 - July, 2004. 
(ii) Visiting Fellow, The Abdus Salam International Centre for Theoretical Physics, 
Trieste, Italy. July, 2000 - August, 2000. 
(iii) Postdoctoral Research Associate, Department of Electrical and Electronic 
Engmeering, Toyohashi University of Technology, Toyohashi, Japan. October, 
1995-March, 1997. 
(iv) Postdoctoral Research Associate, Materials Engineering Department, Ben Gurion 
University of the Negev, Beer Sheva, Israel. February, 1994 - March, 1995. 
Scholarships/Fellowships awarded from India and abroad: 
(i) Postdoctoral fellowship from National Science Council, Taiwan, ROC, 2001 
(ii) Senior Research Associateship (Scientist's Pool Scheme), CSIR, India, 1997 
(iii) Japanese Government Scholarship (MONBUSHO), Japan, 1995 
(iv) Fellowship from Israeli Ministry of Science, Israel, 1994 
(v) Fellowship from CSIR, India, 1990 
(vi) National Scholarship of India, 1982 
Membership of scientific bodies: 
(i) Membership of the New York Academy of Sciences, USA, 1996 
(ii) Life Member of Indian Association for the Cultivation of Science, Kolkata, India, 
1994-95 
Seminars/Symposiums/Workshops attended in India and abroad: 
Year Name and place 
(i) 2005: XI* Workshop on "Neutrons as probes of Condensed Matter", 
Bhabha Atomic Research Centre, Mumbai, India, 
(ii) 2004: 49*** DAE-Solid State Physics Symposium, Guru Nanak Dev University, 
Amritsar, India, 
(iii) 2004: Accelerator Users' Workshop, Nuclear Science Centre, New Delhi, India, 
(iv) 2004: 2004 Taiwan International Conference on Superconductivity & 7* 
Workshop on Low Temperature Physics, Penghu, Taiwan, 
(v) 2004: National Symposium of the Physical Society of ROC, Hsinchu, Taiwan, 
(vi) 2002: International Conference on the Physics and Chemistry of Molecular and 
Oxide Superconductors, Hsinchu, Taiwan, 
(vii) 2000: International Conference on Magnetic Materials, Saha Institute of Nuclear 
Physics, Kolkata, India, 
(viii) 2000: XII International Workshop on Strongly Correlated Electron System, 
The Abdus Salam International Centre for Theoretical Physics, Trieste, 
Italy. 
(ix) 1999: DAE-SoUd State Physics Symposium, Indira Gandhi Centre for Atomic 
Research, Kalpakkam, India, 
(x) 1999; Tenth International Workshop on Physics of Semiconductor Devices, 
Solid State Physics Laboratory, Delhi, India, 
(xi) 1999: Workshop on Experiments at Low Temperature, Inter University 
Consortium, Indore, India, 
(xii) 1994: National Symposium on Superconductor, Technion, Haifa, Israel, 
(xiii) 1994: Solid State Physics Symposium, Indian Association for the Cultivation of 
Science, Kolkata, India, 
(xiv) 1993: Solid State Physics Symposium, Bhaba Atomic Research Centre, 
Mimibai, India, 
(xv) 1992: INDO-US Workshop on Perspectives in New Materials, National Physical 
Laboratory, New Delhi, India, 
(xvi) 1991: Workshop on "Materials Research", Inter University Consortium, Indore, 
India. 
Invited talk: 
I have been invited to give an Invited talk on the "Properties of Pro.esCao.as-xSrxMnOa 
Manganites" in 49* DAE-Solid State Physics Symposium, Guru Nanak Dev University, 
Amritsar, India, in December, 2004, This is the biggest conference in India and about 600 
participants usually take part from all over the World. 
Research projects granted/completed/submitted: 
(i) Research Project entitled "AC conductivity and dielectric constant of CaCu3Ti40i2-
type materials" by S. Mollah has been submitted to Third World Academy of 
Sciences (TWAS), ICTP, Trieste, Italy, in 2004. 
(ii) Research Project entitled "Effect of Mn-site substitution on the ferromagnetic 
insulating state of REo.gsAo.isMnOs manganites (RE = La, Pr, Nd, Sm and A = Ca, Sr, 
Pb)" by S. Mollah has been submitted to Council of Scientific & Industrial 
Research (CSIR), India, in 2004, 
(iii) Research Project (Code No. UFUP dated 01.02.2005) entitled "SHI irradiation 
induced modification in multiferroic thin film of RMnaOs system" by S. Mollah has 
been sanctioned by Nuclear Science Center (NSC), New Delhi, India. 
(iv) Research Project (No. 00-332 RG/PHYS/AS dated 10.8.2001) entitled "AC 
conductivity of semiconducting oxynitride glasses" by S. Mollah, was granted by 
Third World Academy of Sciences (TWAS), ICTP, Trieste, Italy, in 2001. 
(v) A Major Research Project (No.F 10-31/98 dated 23.10.1998) from University Grants 
Commission (UGC), Government of India, entitled "Study on electronic conduction 
of semiconducting oxynitride glasses and their application" by S. Mollah, has been 
completed under my direct supervision on 23.10.2001. 
Research scholar guiding experience: 
I have guided two M.Phil, leading to Ph.D. research scholars. They have worked 
on amorphous semiconductor and superconductivity. Presently one Ph.D research scholar 
and one M. Phil, student are working with me. The Ph.D research scholar is engaged to 
SHI irradiation induced modification in multiferroic thin film of RMn205 system and the 
M. Phil, student is working on the properties of colossal magnetoresistive (CMR) 
materials. I have also guided the M.Sc. project of 7 students. 
Research collaborators: 
(i) Prof H. Sakata, Department of Applied Chejon jstry, Tokai University, Japan. 
(ii) Prof. B. K. Chaudhuri, Department of Solid State Physics, Indian Association 
for the Cultivation of Science, Kolkata, India. 
(iii) Dr. Ravi Kumar, Materials Science Division, Nuclear Science Centre, New 
Delhi, India. 
Laboratory set up: 
When I joined as a lecturer the Department of Physics, Aligarh Muslim University, in 
1998, there was no research laboratory of my field of interest. For financial assistance to 
set up a laboratory, I applied for a Major Research Project in the University Grants 
Commission (UGC), Government of India and got it. Then I set up a Glass-Ceramic 
Laboratory where we have the synthesis and characterization facility of 
CMR/superconductor and amorphous materials. I also set up four new experiments in the 
M.Sc. Solid State Physics (special) laboratory. Several experiments were introduced by 
me in Birla Institute of Technology, Mesra, Ranchi, India. 
Working experience in different laboratories: 
1. Glass-Ceramic Laboratory, Department of Solid State Physics, Indian Association 
for the Cultivation of Science, Jadavpur, Kolkata-32, India. 
2. Materials Processing Laboratory, Materials Engineering Department, Ben Gurion 
University of the Negev, Beer Sheva, Israel. 
3. Superconductivity Laboratory, Department of Electrical and Electronic 
Engineering, Toyohashi University of Technology, Toyohashi, Japan. 
4. Low Temperature Physics Laboratory, Department of Physics, National Sun Yat 
Sen University, Kaohsivmg, Taiwan, ROC. 
5. Pressure Standard, National Physical Laboratory, New Delhi, India. 
6. Materials Science Laboratory, Birla Institute of Technology, Mesra, Ranchi, India. 
7. Glass-Ceramic Laboratory, Department of Physics, Aligarh Muslim University, 
Aligarh, India. 
Sample preparation experience: 
1. Preparation of glassy amorphous materials by melt quenching technique. 
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2. Synthesis of superconductii^, relaxor, CMR and multiferroic RMnaOs materials 
by solid-state reaction route. 
3. Preparation of thin films by chemical vapor deposition technique. 
4. Synthesis of superconducting, CMR and multiferroic RMnaOs materials by sol-
gel route. 
5. Fabrication of single filament and multi-filament Ag-sheathed Bi-based 
2212/2223 superconducting wires/tapes. 
Instruments operating experience: 
I can operate the following instruments needed to characterize our samples. 
1. X-ray diffractometer 
2. Scanning electron microscope 
3. Differential thermal analyzer 
4. Thermal gravimetric analyzer 
5. Differential scanning calorimeter 
6. Two probe dc conductivity measuring system for glassy materials 
7. Four probe resistivity measuring system with cryo-cooler and also with liquid helium 
temperature for transport property measurement of superconductor, relaxor and CMR 
materials 
8. AC conductivity and dielectric property measuring Impedance analyzer 
9. Low temperature magnetic field dependence of specific heat measuring instrument. 
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10. High temperature specific heat measuring instrument by the AC calorimeteric 
technique 
11. Superconducting Quantum Interference Device (SQUID) for magneti2ation 
measurement 
12. High pressure system for magnetic susceptibility measurement under pressure 
13. Thermoelectric power measuring instrument 
14. Superconductors' critical current density (Jc) measuring instrument both by ac pulsed 
method and uskig constant current sources. 
15. I can work with a high temperature (~ 1500 °C) furnace for the synthesis of CMR 
materials. 
I can analyze the data obtained from: 
1. Electron paramagnetic resonance (EPR) machine and 
2. X-ray photo emission spectrometer (XPS) 
Significant achievements: 
1. It has been confirmed that the strong electron-phonon interaction in the glassy 
phase of some transition metal oxide glasses like BitSrsCasCuyOx (y = 0-5), 
Bi4Sr3Ca3.zLizCu40x (z=0.1-l) and Bi4-nPb„Sr3Ca3Cu40x (n = 0-1) causes the 
formation of small polarons and becomes superconductor in their respective glass 
ceramic phases. 
2. The conduction in these glasses is by the hopping of polarons in the non-adiabatic 
regime. 
3. The carriers of the glasses are having distribution of relaxation times. 
4. The hydrostatic pressure increases the superconducting transition tenq)erature of 
MgCNis. 
5. Spinel LiTi204 can be well described by a typical type-II, BCS-like, moderate 
coupling, and fully gapped superconductor in the dirty limit. 
6. The connectivity effect of metal/alloy between superconducting grains can 
explain the critical currents in Ag/Ag-Cu/Ag-In doped Bi-based superconductors. 
7. A huge enhancement of magnetoresistance, MR (10% at H = 100 Oe and 99% at 
H = 0.5 T) observed in Pro.65Cao.25Sro.iMn03 sample aroxmd the metal-insulator 
(MI) transition temperature (TMI~ 80 K) is induced by the phase separation (PS). 
8. Non-adiabatic small polaron hopping conduction mechanism is followed by 
Pro.esCao.ss-xSrxMnOa (x = 0-0.35) manganites above the respective TMI. 
9. Invited articles are contributed in Encyclopedia of Nanoscience and 
Nanotechnology, Studies of High Temperature Superconductors, and Topical 
Review of J. Phys.: Condens. Matter. 
10. Published several articles in Internationally reputed journals. 
Computing kno\dedge: 
I can write preliminary programs in BASIC and FORTRAIN languages. I can 
successfully operate MS Word and Origin programs. The internet system is widely 
known to me. 
Orientation programmes/Refresher courses completed: 
I have completed the following Refresher courses/Orientation programme as 
required by the University Grants Commission (UGC), Government of India, for 
university teachers. 
(i) Refresher course in Physics (Concepts of Physics) from Academic Staff 
College, Aligarh Muslim University, Aligarh, during 19.11.2004-10.12.2004. 
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(ii) Refresher course in Physics from Academic Staff College, Aligarh Muslim 
University, AJigarh, during 10.4.2001-9.5.2001. 
(iii) Orientation Programme from Academic Staff College, Aligarh MusUm 
University, AUgarh, during 15.5.2000-13.6.2000. 
Description of working experience in different Universities/Institutions: 
From August 1998 to date, I am working in the Department of Physics, Aligarh 
Muslim University (AMU), Aligarh, India, as a senior lecturer (Assistant Professor). I 
have been teaching undergraduate and postgraduate students. I am teaching Solid State 
Physics Special paper of M.Sc. 4* Semester and taking the laboratory classes. A Glass-
Ceramic Laboratory has been set up by me. I am guiding the M.Sc students to prepare 
their seminar lectures, which are essential for their M.Sc. degree. I have also guided two 
M. Phil, leading to Ph. D students in AMU and presently guiding one Ph. D and one M. 
Phil, student. I have completed successfully a major research project from University 
Grants Commission, Government of India. The work of that project was on the 
preparation and characterization of oxynitride glasses and to find their pressure and gas 
sensing property. I got a research project from Third World Academy of Science 
(TWAS), Italy. Recently, I have got another Research Project (Code No. UFUP dated 
01.02.2005) entitled "SHI irradiation induced modification in multiferroic thin film of 
RMnaOs system" sanctioned by Nuclear Science Center (NSC), New Delhi, India. I have 
also worked on the electron paramagnetic resonance (EPR) of Fe^ "^  ions in Fe203-PbO-
Bi203 glasses in AMU and on the x-ray photoelectron spectroscopy of VN-PbO-Te02 
glasses with the collaboration of Prof H. Sakata, Tokai University, Japan. 
From October, 2001 to July, 2004,1 was on study leave from the Department of 
Physics, AMU, Aligarh, India, and was working as a postdoctoral fellow with Prof H. D. 
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Yang, Department of Physics, National Sun Yat Sen University (NSYSU), Kaohsiung, 
Taiwan, R.O.C. During this period, I have been working on the resistivity, magnetization, 
low and high temperature specific heat, thermoelectric power and change of property due 
to pressure effect of different colossal magnetoresistive (CMR), superconducting (SC) 
and antiferromagnetic-ferroelectric (AFM-FE) materials in the frontier areas of SoUd 
State Physics viz. Pro.esCaojs-xSrxMnOs, (Nd/Sm)o.5(Sr,Ca)o.5Mn03, 
LaojCaoj-yNayMnOs, Cai.x(Na,K)xMni.yCry03 etc. CMR materials, 
Prl.g5Ce.i5CuiJcZnx04, MgBa, MgCNis, LiTi204 etc. superconductors and RMn205 (R = 
La, Pr, Sm, Nd, Tb, Y) AFM-FE materials. The polycrystalline CMR, SC and AFM-FE 
materials were prepared in our laboratory following appropriate routes and characterized. 
The magnetic field dependent (0-8 T) specific heat (C) down to 1.5 K gives the 
information about the type of superconductivity as well as different important parameters 
of SC materials and anomalies corresponding to various transitions of CMR materials. 
The field cooled (FC) and zero field cooled (ZFC) magnetization (M) up to 8 T and down 
to 10 K were measured in our laboratory by commercial SQUID magnetometer. The 
pressure dependent (up to 2 GPa) ac susceptibility (Xac) were evaluated down to 1.5 K to 
get the information of its effect on the Tc of SC and different phase transition 
temperatures of CMR materials. 
I have served the Department of Applied Physics, Birla Institute of Technology 
(BIT), Mesra, Ranchi, India, as an Assistant Professor from September 1997 to July 1998. 
During this period of my service, I have taught undergraduate and postgraduate students 
and continued my research work on amorphous semiconductors and superconductors. 
Several experimental courses were guided by me. New experiments were also set up by 
me. 
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From April to August, 1997, I worked in Pressure Standard Division, National 
Physical Laboratory (NFL), New Delhi, India, on ferroelectric relaxor materials. We 
studied the pressure and tenqjerature effect on the dielectric constant and dielectric loss 
of Pb-Fe-Nb-0, Pb-Zn-Nb-0, Pb-Fe-W-0 etc. relaxor materials. We achieved some 
ferroelectric materials to be used as pressure sensing materials and dielectric of 
multilayer capacitors. 
I have been employed for one and half years (October, 1995 - March, 1997) as a 
postdoctoral fellow in Toyohashi University of Technology (TUT), Japan. During this 
period, I have febricated and characterized Ag-sheathed Bi-2212/2223 superconducting 
wires/tapes. Two types of tapes were febricated according to the handling method of the 
precursor material. One series was prepared by the hand packing (HP) of the precursor 
powder and another was prepared with cold isostatic pressed (CIP) precursor. Both series 
of tapes were pressed several times with subsequent heat treatment. It was found that the 
CIP tapes gave better critical current density (Jc) than the HP tapes. It was concluded that 
the higher packing density of CIP tapes enhanced the formation of 2223 phases and made 
their connectivity better. 
I have worked in Materials Engineering Department, Ben Gurion University 
(BGU) of the Negev, Beer Sheva, Israel, for one year (February, 1994 - March, 1995). 
Doping effect of Ag and Ag-Cu on the superconducting properties of bulk 
Bii.6Pbo.4Sr2Ca2Cu30x ceramics has been investigated. Lower wt% of Ag and Ag-Cu 
addition was fovmd to enhance the critical currents of the ceramic composites. From 
elemental mapping and back scattering measurements, we found that Ag was widely 
dispersed in the material for lower concentration whereas the granular size of Ag 
increased with the increase of Ag and Ag-Cu addition acting as weak Imks for 
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superconducting currents. Some superconducting materials were also prepared as thin 
films by chemical vapor deposition technique. 
I started my research work on the preparation and characterization of some 
transition metal oxide glasses becoming high temperature superconductors in their glass 
ceramic phases in Solid State Physics Department, Indian Association for the Cultivation 
of Science (lACS), Jadavpur, Kolkata-32, India. Dc&ac conductivity, dielectric 
properties, XRD, SEM, DTA, TGA, DSC and IR of these glasses were investigated. Dc 
conductivity of these glasses was found to fit with Mott's variable range hopping (VRH) 
model in the intermediate temperature region. Ac conductivity of these glasses was fitted 
with the existing theoretical models i.e. Quantum Mechanical Tunneling (QMT), Small 
Polaron Tunneling (SPT), Overlapping Large Polaron Tunneling (OLPT) and Correlated 
Barrier Hopping (CBH) models. The CBH model was found to be the most suitable one 
to explBLm the ac conductivity as well as the fi*equency exponent data. Thermoelectric 
power of some of the glasses and glass ceramics were measured and fitted with the 
theoretical models to get the nature of the carriers in the glasses and glass ceramics. Ba-
K-Bi-0 system was also studied in the glassy phase. Some unusual behavior of 
temperature dependence of dielectric constant, dielectric loss and dc conductivity was 
observed for these glasses. This may be due to the rotational/ prientational motion of 
BiOs and BiOe structural units. In addition, BaTiOs doped V205-Bi203 glasses and Y-Ba-
Cu-0 superconductors were prepared and their properties were explored. 
References: 
My biographical sketch will be available in the 20* and 21^ editions of Marquis 
"Who's Who in the World". It is also available at the 8* edition of Marquis "Who's Who 
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in Science and Technology in the World". Recently, it has been included in the list of 
Leading Scientists of the World, 2005 in the International Biographical Centre, England. 
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List of Publications 
(Accepted and Published papers) 
1. Transformation of high Tc superconducting phase in Bi2-xPbxSr2Ca2Cu3.yAy08 (A = K, 
Na; X = 0.1-0.3; y = 0.1-0.3) to the ferroelectric phase by K and Na doping: S. 
Mukherjee, S. Mollah, H. D. Yang and B. K. Chaudhuri, accepted for publication in 
Chiru J. Phys. (2005). 
2. Properties of Pro.65Cao.35.xSrxMn03 manganites: S. Mollah, Solid State Physics, 
Uiversity Press, (2005) (Invited article in Proceedings of 49* DAE-Solid State Physics 
Symposium, held at GNDU, Amritsar, during December 26-30, 2004). 
3. Non-adiabatic small polaron hopping conduction in Pro.esCaoas-xSrxMnOs perovskites 
above the metal-insulator transition temperature: S. Mollah, H. L. Huang, H. D. Yang, 
S. Pal, S. Taran and B. K. Chaudhuri, / . Magru Magtu Mater., 284 (2004) 383-394. 
4. The Physics of non-oxide perovskite superconductor MgQMis: S. Mollah, /. Phys.: 
Condens. Matter 16 (2004) R1237-R1276 (Topical Review). 
5. Magnetic field dependence of low temperature specific heat of spinel oxide 
superconductor LiTi204: C, P. Sun, J. -Y. Lin, S. Mollah, P. L. Ho, H. D. Yang, C. F. 
Hsu, Y. C. Liao and M. K. Wu, Phys. Rev. B, 70 (2004) 054519. 
6. Phase separation and huge enhancement of magnetoresistance in Pro.esCaojs-xSrxMnOs: 
S. Mollah, C. P. Sun, H. L. Huang, P. L. Ho and H. D. Yang, J. AppL Phys., 95 (2004) 
6813-6815. 
7. Non-adiabatic small polaron hopping conduction in VN-PbO-TeOi glasses: S. Mollah, 
K. Hirota, K. Sega, B. K. Chaudhuri and H. Sakata, PhiL Mag. B., 84 (2004) 1697-
1715. 
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8. Development of pulsed magnetic field and study of magnetotransport properties of K-
doped Lai-xCax-yKyMnOa CMR materials: S. Bhattacharya, S. Pal, R. K. Mukherjee, B. 
K. Chaudhuri, S. Neeleshwar, Y. Y. Chen, S. Mollah and H. D. Yang, / . Magiu Magn. 
Mater., 269 (2004) 359-371. 
9. Ferroelectric nanocrystals dispersed oxide glasses: B. K. Chaudhuri, H. Sakata, S. 
Mollah and H. D. Yang, in ''Encyclopedia of Nanoscience and Nanotechnology", Ed. 
H. S. Nalwa and forwarded by R. Smaliey, Nobel Prize Laureate, (American scientific 
publishers) Vol. 3 (2004) pp 335-357. 
10. Pressure effects on the transition temperature of superconducting MgCxNis: H. D. Yang, 
S. MoIUh, W. L. Huang, P. L. Ho, H. L. Huang, C. -J. Liu, J. -Y. Lin, Y. -L. Zhang, R. 
-C. Yu and C. -Q. Jin, Phys. Rev. B, 68 (2003) 092507. 
11. Comment on "Evidence for the immobile bipolaron formation in the paramagnetic state 
of the magnetoresistive mai^anites" A. Banerjee, S. Bhattacharya, S. Mollah, H. 
Sakata, H. D. Yang and B. K. Chaudhuri, Phys. Rev. B, 68 (2003) 186401. 
12. Low temperature specific heat of bi-layered manganites La2.2xSri+2xMn207 (x = 0.3 and 
0.5): H. D. Yang, I. P. Hong, F. H. Hsu, H. H. Li, S. Y. Tu, H. L. Huang, S. Chatterjee, 
S. Mollah, Y. -K. Kuo, T. I. Hsu, H. C. Ku and W. -H. Li, Solid State Contmun., 27 
(2003) 229-232. 
13. Transport and dielectric properties of K doped glassy precursor for high Tc 
superconductor showing ferroelectric behavior due to embedded nanocrystalline 
ferroelectric phase: S. Mukherjee, H. Sakata, B. K. Chaudhuri, S. Moilah and H. D. 
Yang, / . AppL Phys., 94 (2003) 1211-1217. 
14. Electronic and magnetic instability in Pro esCao 25Sro iMnOs: S. Moilah, H. L. Huang, P. 
L. Ho, W. L. Huang, C. W. Huang, C. P. Sun, J. -Y. Lin, S. J. Liu, Y. S. Gou, W. -H. Li 
and H. D. Yang, / . Mag. Mag. Mater., 265 (2003) 215-221. 
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15. Specific heat studies on the charge and magnetic ordering in manganites: H. D. Yang, 
H. L. Huang, P. L. Ho, W.L. Huang, C. W. Huang, S. Mollah, S. J. Liu and J. -Y. Lin, 
PhysicaB, 329-333 (2003) 801-802. 
16. MgB2 Superconductor: A review: S. Mollah, H. D. Yang and B. K. Chaudhuri, Ind, J. 
Phys., 77A (2003) 9-22. 
17. X-ray photoelectron spectroscopy of VN-PbO-Te02 glasses: S. Mollah, K. Hirota and 
H. Sakata, PhysicaScripta, T97(2002) 160-162. 
18. Critical temperature and critical current of PbBiSCCO-Ag/AgCu/AgIn composites: S. 
Mollah, Materlas Letters, 52 (2002) 159-165. 
19. Preparation and Characterization of BiaOa-PbO-R (R = FeaOa, MnOa, CuO and V2O5) 
semiconducting oxide glasses: C. Prakash, A. Firdous and S. Mollah in ''Physics of 
Semiconductor Devices". Eds. V. Kimaar and P. K. Basu, Allied Publishers, Vol. II 
(2001) P 1166-1169 (Proceedings of Eleventh International Workshop on the Physics 
of Semiconductor Devices held at SSPL, Delhi, during December, 2001). 
20. Electron Paramagnetic resonance of Fe^ ^ ions in BiaOs-PbO-FcaOs glasses: C. Prakash, 
S. Husain, R. J. Singh and S. Mollah, /. Alloys and Compounds, 326 (2001) 47-49. 
21. DC conductivity of VN-PbO-TeOa glasses: S. Mollah in ''Physics of Semiconductor 
Devices" Eds. V. Kumar and S.K. Aggarawal, Allied Publishers, Vol. II (1999) P-1388 
( Proceedings of Tenth International Workshop on Physics of Semiconductor Devices 
held in SSPL, Delhi, India, during December, 1999). 
22. Role of normal metal inclusions in the critical current of PbBiSCCO-Ag/AgCu/AgIn 
composites: S. Mollah, Solid State Physics, Eds. R. Mukhopadhyay, B. K. Godwal and 
S. M. Yusuf, Uiversity Press, Vol. 42 (1999) P-459 (proceedings of 42°'* DAE-Solid 
State Physics Symposium, held at IGCAR, Kalpakkam, during December 20-24, 1999). 
18 
23. Transport properties of Pb-doped BiASrsCasCiuOx semiconducting glasses and glass-
ceramic superconductors: S. Chatteijee, S. Banerjee, S. Mollah and B. K. Chaudhuri, 
Phys. Rev. B., 53 (1996) 5942-5952. 
24. Phases evolution during the fabrication of bulk Bi-based superconducting glass 
ceramics: S. Mollah, N. Froumin and J. Baram, In "Studies of High Temperature 
Superconductors", Ed. A. V. Narlikar, NY, Nova Science Publishers Inc. Commark, 
Vol. 16(1996)pp.l55-174. 
25. Critical currents of PbBiSCCO Ag/AgCu composites: S. Mollah, N. Froumin, M. 
Polak and J. Baram, Materials Letts., 11 (1996) 187-193. 
26. ac conductivity of glassy Bi4-aPbnSr3Ca3Cu40x semiconductors (with n = 0.0, 0.1, 0.5 
and 1.0): Precursors for high Tc superconductors: S. Mollah, K. K. Som, S. 
Chakraborty, A. BL Bera, S. Chatteijee, S. Banerjee and B. K. Chaudhuri, Phys. Rev. B., 
51 (1995) 17512-17520. 
27. Dielectric properties of semiconducting Bit.nPbnSr3Ca3Cu40x (0 < n < 1) glasses: 
Precursors for high Tc superconductors: S. Mollah, S. Chatteijee, S. Banerjee, S. 
Chakraborty and B. K. Chaudhuri, PhiL Mag. B, 71 (1995) 151-162. 
28. Anomalous dielectric relaxation behavior of K doped amorphous Bai.xKxOs-g (x = 0 to 
0.75) oxides: S. Mollah, A. K. Bera, S. Chakraborty and B. K. Chaudhuri, Phys. Rev. B, 
49(1994)15017-15022. 
29. High dielectric constants in BaTi03 doped 90V2O5-10Bi2O3 oxide glasses obeying 
Debye-type dielectric relaxation behavior: S. Chakraborty, A. K. Bera, S. Mollah and 
B. K. Chaudhuri, J. Mater. Research, 9 (1994) 1932-1935. 
30. Study of dielectric relaxation behavior in Li-doped semiconducting Bi-Sr-Ca-Cu-0 
glasses: S. Mollah, A. K. Chakraborty, S. Chakraborty, K. K. Som and B. K. 
Chaudhuri, J. Non-CrysL Solids, 167 (1994) 192-198. 
19 
31. Debye type dielectric behavior of Bi-Sr-Ca-Cu-O based transition metal oxide glasses: 
Precursor for oxide superconductors: K. K. Som, S. MoUah, K. Bose and B. K. 
Chaudhuri, Phys. Rev. B, 47 (1993) 534-537. 
32. ac conductivity in Bi4Sr3Ca3CuyOx (y = 0-5) and Bi4Sr3Ca3.zLizCu40x (z = 0.1-1.0) 
semiconducting oxide glasses: S. MoUah, K. K. Som, K. Bose and B. K. Chaudhuri, J. 
AppL Phys., 74 (1993) 931-937. 
33. Metallic behaviour of the electrochemically deposited Tl-Bi-Pb-Sr-Ca-Cu-0 films 
down to 10 K: S. Chatteijee, S. Banerjee, S. Mollah, K. K. Som and B. K. Chaudhuri, 
Ind. J. Phys. A, 67 (1993) 421-424. 
34. Nonadiabatic small polaron hopping conduction in Li-doped and undoped 
Bi4Sr3Ca3CuyOx (0 < y < 5): S. Mollah, K. K. Som, K. Bose, A. K. Chakraborty and B. 
K. Chaudhuri, Phys. Rev. B, 46 (1992) 11075-11083. 
35. Nonlinear physical properties of amorphous Bi4Sr3Ca3CuyOx semiconducting oxides 
with y between 0 and 5: K. K. Som, S. Mollah, K. Bose and B. K. Chaudhuri, Phys. 
Rev. B, 45 (1992) 1655-1659. 
36. Preparation and characterization of superconducting (YBa2Cu30x-Ag) composites 
obtained by sol-gel method: P. K. Pal, S. Mollah, K. Bose, K. K. Som and B. K. 
Chaudhuri, / . Mat ScL (Materials in Electronics), 3 (1992) 120-123. 
37. Concentration-dependent physical properties of BizCa3Sr3Cu40x oxide glasses with z = 
1-5: S. Mollah, K. Bose, K. K. Som and B. K. Chaudhuri, J. Mat. ScL Lett., 11 (1992) 
1294-1297. 
38. Preparation and characterization of YBa2Cu30x high temperature superconductor 
obtained by sol-gel method: P. K. Pal, K. Bose, S. Mollah and B. K. Chaudhuri, Ind. J. 
Phys. A, 65 (1991)269-275. 
20 
Symposium Papers (abstracts only): 
1. Synthesis and Physical properties of PrMn205: S. Mollah, C. J. Chou and H. D. Yang, 
49^ Conference on Magnetism and Magnetic Materials, November 7-11, Florida, 
USA, 2004. 
2. Interplay of charge and spin ordering in Pro.esCaojs-xSrxMnOs: S. Mollah, C. P. Sun, H. 
L. Huang, P. L. Ho and H. D. Yang, 2004 Taiwan International Conference on 
Superconductivity and the 7th Workshop on Low Temperature Physics {TICS'04 & 
WLTP7), Penghu, Taiwan, July 5-9, 2004. 
3. Magnetotransport properties of alkali metal doped La-Ca-Mn-0 system under pulsed 
magnetic field: B. K. Chaudhuri, S. Mollah and H. D. Yang, 2004 Taiwan 
International Conference on Superconductivity and the 7th Workshop on Low 
Temperature Physics (TICS'04 & WLTP7), Penghu, Taiwan, July 5-9, 2004. 
4. DC conductivity and Electron Paramagnetic Resonance of xLi2CO3-(20-x)Na2CO3-
20MnO2-60P2O5 (x = 0, 5, 10, 20) glasses" A. Firdous and S. Mollah, "First 
International Meeting on Applied Physics, aphys2003'', Badajoz, Spain, October IS-
IS, 2003. 
5. Magnetic field dependent magnetic and transport properties of Pro.65(Cao.35-xSrx)Mn03 
CMR materials: S. Mollah, S. Bhattacharya, A. Banerjee, S. Pal, H. D. Yang and B. K. 
Chaudhuri, "Proc of thirteenth National Conference on Cryogenics", lACS, Kolkata, 
India, March 23-26, 2003. 
6. BCS-Uke superconductor LiTi204: C. P. Sun, H. D. Yang, C. W. Huang, W. L. Huang, 
S. Mollah, J. -Y. Lin, C. F. Hsu, Y. C. Liao and M. K. Wu, 'Proc. of thirteenth 
National Conference on Cryogenics", lACS, Kolkata, India, March 23-26, 2003. 
21 
7. Critical currents of metal/alloy doped PbBiSCCO superconductors: S. MoUah, 
"Nationalseminar in Gowalior University", M. P., India, 1998. 
8. Superconducting properties of electrochemically deposited film on silver wires and 
tapes: S. Chatterjee, S. Banerjee, S. Mollah and B. K. Chaudhuri, in ^'Thirteenth 
National Symposium on Cryogenics, Shivaji University, Kolhapur" December 3-5, 
1993. 
9. Application of pair approximation type and random walk type models in the ac 
conductivity of Pb doped Bi4.„PbnSr3Ca3Cu40x (0 < n < 1) semiconducting oxides: S. 
MoUah, S. Chakraborty and B. K. Chaudhuri in "SolidState Physics Symposium 1993, 
BARC, Bombay; Dec27-31,1993" P-151. 
10. Large dielectric permitivity in BaTiOs doped V205-Bi203 oxide glasses obeying 
Debye-type dielectric relaxation behavior: S. Chakraborty and S. Mollah, in ''Solid 
State Physics Symposium 1993, BARC, Bombay, Dec27-31,1993" P-150. 
11. Properties of Bi-based oxide glasses and the corresponding superconducting glass-
ceramics: B. K. Chaudhuri, S. Mollah and K. K. Som, in "INDO-US workshop on 
perspectives in new materials, 22-23 March, 1992, NPL, New Delhi, India" P-53. 
12. Non-adiabatic small polaron hopping in Bi-Sr-(Ca,Li)-Cu-0 glass: S. Mollah, K. K. 





The D.Sc Thesis entitled "Studies on some Exotic Materials" is a compilation of 
research work done by Dr. S. Mollah on the glassy amorphous semiconducting, 
superconducting and colossal magnetoresistive (CMR) materials. These are structurally 
characterized by diJBFerent techniques such as x-ray diffraction (XRD), scanning electron 
microscopy (SEM), differential thermal analysis (DTA), thermo-gravimetric analysis 
(TGA), dififerential scanning calorimetry (DSC), infra-red (IR), electron paramagnetic 
resonance (EPR), x-ray photoemission spectroscopy (XPS) etc. Their physical properties 
are determined by the measurement of dc&ac conductivities, dielectric properties, 
thermoelectric power (TEP), specific heat (C) and magnetization (M) with or without the 
application of magnetic field (0-8 T) or high pressure (0-17 kbar) at temperatures down to 
0.5 K. The work on glassy amorphous semiconducting, superconducting and CMR 
materials are summarized step by step in the following. 
Ceramics and glasses with large dielectric constants are very important for their 
technological applications. They are used for developing barrier layer capacitors. Multi-
component transition metal oxide (TMO) and other metal oxide glasses have been studied 
because of their probable technological applications in optical and electrical memory 
switches, oxygen gas sensors etc. It is considered that highly conducting telluride glasses 
are potential candidates for O2 gas sensors. Vanadium-lead-telluride glasses are 
perspective candidates for pressure and gas sensors. Some TMO glasses are used as 
precursor materials for preparing superconductors by proper annealing. The 
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superconductors obtained from the glassy phase are found to be very dense as well as 
homogeneous. 
Non-linear behaviors of density (p) and mean molar oxygen volume (Vo*) of 
Bi4Sr3Ca3CuyOx (y = 0-5) glasses are observed with the variation of CuO concentration. 
IR-spectroscopic data and Vo* in these glasses indicate a change of (BiOe) octahedral to a 
pyramidal (BiOs) structural unit with a change of CuO content in the glasses. However, 
there is no direct evidence of structural change from XRD data. It is concluded that the 
nonlinear variation of the ratio of CuVCu(total) in the glasses depending on the CuO 
concentration can explain the properties of these glasses. The ten:q)erature (80-450 K) and 
CuO concentration dependence of dc conductivity (aac) of BiASrsCasCi^ Ox (y = 0-5), 
Bi4Sr3Ca3.zLizCu40x (z = 0.1-1) and Bi4-nPbnSr3Ca3Cu40x (n = 0-1) glasses are elaborately 
studied. The variation of activation energy (W) with glass con^josition dominates the 
conductivity. A strong pre-ejqwnential fector containing the small polaron tiumeling term 
e;q)(-2aR) is observed in dc conductivity unlike many other glasses with transition metal 
ions (TMI). The electron-phonon interaction in these glasses is strong enough to form the 
small polaron and the electrical conduction occurs due to their hopping. Non-adiabatic 
small polaron hopping conduction mechanism is found to be appropriate for e7q)laining 
the conductivity data of these glasses. The addition of Li decreases the conductivity and 
causes appreciable changes in the model parameters though the overall thermal behavior 
of electrical transport remains the same. This indicates that a small amount (less than 10 
wt.%) of Li act as flux in these glasses to keep the oxygen content fixed in the 
corresponding glass-ceramic phases. This lowers the sintering as well as melting 
tenqjerature of the glasses. Though the Li doping reduces the aoc, Pb doping increases it. 
24 
Pb"^ ^ substituted for Bi*'' as well as Sr defects act as hole donors in the 
Bi4j»bnSr3Ca3Cu40x glass system. Since the valency of Pb is +2 and that of Bi is +3, one 
Pb atom can dope a hole to the system. Thus the dc conductivity increases with the 
increase of Pb doping. 
The temperature (80-450 K) and frequency (50-10* Hz) variation of ac 
conductivity Oac((») of Bi4Sr3Ca3CuyOx (y = 0-5), Bi4Sr3Ca3-2LizCu40x (z = 0.1-1) and 
Bi4jPbDSr3Ca3Cu40x (n = 0-1) have been ornately investigated. The universal power-law 
behavior [aac((o) = aac(0) +A(D' with exponent s < 1] is found to be valid for most of these 
glasses where © = 2nf, f being the linear frequency and A is a constant. Little deviation 
from this limiting performance is also observed for some glass con^sitions in the low-
ten:q)erature and higher frequency regions. The s value is found to be little higher than 
unity (1.1-1.2) in the low ten^rature regime where aac(o>) also illustrates the non-Unear 
variation with ten:q)erature. It is retrieved that the quantum mechanical tunneling (QMT) 
and over-lapping large polaron tunneling (OLPT) models are inadequate to explain the 
general behavior of both temperature and frequency dependent aac((o) and s. However, 
the correlated barrier hopping (CBH) model based on the pair approximation is noticed to 
be the most ^propriate one for explaining the frequency and tenqjerature-dependent ac 
conductivity data. The extended-pair approximation and percolation models are also 
found to fit the ac conductivity data for s < 1. Nevertheless, the fitting with CBH model is 
better. The random walk type of model is found to be valid for a limited range of 
ten:q)erature too. 
Frequency (50-10* Hz) and ten:q)erature (80-450 K) dependence of dielectric 
constant (e') and dielectric loss (e") are studied for Bi4Sr3Ca3CuyOx (y = 0-5), 
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Bi4Sr3Ca3.zLizCu40x (z = 0.1-1) and Bi4.„Pb„Sr3Ca3Cu40x (n = 0-1) glasses. Both of e' and 
e" do not show any peak in the temperature range of our study. However, the imaginary 
part (M") of the dielectric modulus (M*) demonstrates peaks. The dielectric properties of 
these glasses are foimd to follow the Debye type relaxation behavior with relaxation 
frequency fc [= Vc exp (-Wo/kBT)] where Wc is the activation energy, ks is the Boltzman 
constant and T is the absolute temperature. There is a distribution of carriers' relaxation 
times which has been confirmed from the Cole-Cole plots. The relaxation performance is 
thermally activated in nature like the dc electrical conduction process of these glasses. 
The dielectric properties of glassy Bai.xKxBi03 (x = 0 to 0.75) at different 
tenq)eratures (80-450 K) and frequencies (1-10 kHz) are also examined. Large increase in 
s' and e" are observed in all these glasses between the tenqjeratvires 297 and 320 K. 
Metal-insulator transition is as well detected in these. The anomalies are considered to be 
associated with the orientational motion of the BiOs and BiOe structural units present in 
the glasses. These motions are giving rise to the structural instability and different kinds 
of phase transitions including a superconducting transition in the crystalline phases. 
BaTi03 doped 90V2O5-10Bi2O3 glasses show a larger e' (10^ - 10*) conqjared to 
the undoped glass (~ 10 )^. They all reveal Debye type relaxation behavior though the 15 
wt.% BaTiOs dopikg demonstrates the highest E'. The increase in e' is due to the 
formation of microcrystalline clusters of BaTi03 (1.8-8 |am, depending on the doping 
concentration). The Bi203 also plays some important role on the dielectric properties of 
the glasses. 
Electron paramagnetic resonance (EPR) study of Fe^ "^  ions in Bi203-PbO-Fe203 
glasses has been carried out in room temperature for different molar percentages of 
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Fe203. In each spectrum, there is more than one line, 'g' values of all the lines in each 
spectrum have been determined. The origin of each spectral line is explained. 
The CTdc and x-ray photoemission spectroscopy (XPS) of oxynitride VN-PbO-
Te02 glasses with dififerent mol% of VN, PbO and TeOi are studied. The XPS analysis 
reveals the presence of VN, V*"", V'*, Pb^ "", Pb*", Te'*^  and Te in the glasses. The 
manifestation of VN containing 8-10 at.%VN confirms vanadium-lead-tellurous 
oxynitride glasses. The VN contents correspond to an equivalent content of 1-2 at.% N in 
the glasses. Values of Cv = V '^^ A (^total) are calculated firom the areas of separated XPS 
peaks corresponding to V*"^  and V^ ^ ions for di£ferent glass con^sitions. Some redox 
reactions assumed in the glass melts explain qualitatively changes in the Cv value. The 
Gdc increases with VN content for a fixed mol% of PbO. Neither Mott's variable-range 
hopping (VRH) model at low temperatures (T < 9D/4, 0D = Debye ten^rature) nor 
Greaves' VRH model at intermediate temperatures (9D/4 < T < 0D/2) describes the dc 
conductivity data for these glasses. Multi-phonon tunneling transport of strongly coupled 
electrons is also unable to account for the carrier transport. However, at high 
temperatures (T > 9D/2), conduction is found to be due to small-polaron hopping in the 
non-adiabatic regin^. Alteration of the VN content causes a change in the model 
parameters achieved fi-om the best-fitting curves for the glasses. 
The dielectric constants of TMO glasses are, in general, very low and follow 
Debye type dielectric relaxation behavior as discussed above. AgaO doped 
Bi-Sr-Ca-Cu-0 glasses, dispersed with nanocrystalline silver particles show high value of 
density of states (DOS) at the Fermi level, N(EF), estimated fi-om the VRH model. But 
none of these nanocrystal-dispersed glasses are ferroelectric (FE) or they do not show 
27 
high dielectric permittivity. However, some of the TMO glasses containing BaTiOs, 
PbTiOs, TeOa etc. are found to illustrate FE behavior due to the presence of 
nanocrystalline phases. 
Nanophase materials and nanocomposites characterized by an ultrafine grain size 
(< 50 nm); have created high interest in recent years by virtue of their unusual 
mechanical, electrical, optical and magnetic properties. Nanocrystalline particles/clusters 
embedded in the alkali metal doped glasses are considered to be responsible for the FE 
activities of bulk glass nanocrystal composite (GNC). Pure nanocrystalline ferroelectric 
PbTiOa generally illustrates a critical size of the nanocrystals (di£ferent for different 
systems) at which dielectric constant exhibits a maximum value. There is, however, large 
difference in the ferroelectric behavior (Curie ten^rature, dielectric constant, 
polarization etc.) of the bulk and its nanocrystalline counterpart. The synthesis, 
characterization and transport properties of such FE glass-nanocon^site materials are 
studied. The K-doped glasses viz. Bi2.xPbxSr2Ca2Cu3.yKyOz (x = 0.1-03, y = 0.2-0.3) 
show FE transitions (between 500-330 K depending on y). The K free glasses are, 
however, not ferroelectric but are precursors for high Tc superconductors. 
Nanocrystalline particles/clusters (~10-50 nm size) embedded in the K doped glasses, 
observed from transmission electron microscopic studies, are considered to be 
responsible for the ferroelectric performance of the bulk GNC. Though their dielectric 
behavior is different, both the K free and K containing glassy systems are semiconductors 
and follow non-adiabatic small polaron hopping conduction mechanism. 
Superconductors are extensively studied since its discovery in 1911. There was 
tremendous work on the high tenqierature oxide superconductors from the time of the 
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discovery of YBa2Cu307 superconductor with superconducting transition temperature (Tc 
~ 90 K), Scientists all over the world were deeply involved in searching for 
superconductors with higher Tc and were successfiil in obtaining several new oxide 
superconductors with Tc > 77 K. However, most of these superconductors are multi-
phased and brittle in nature. Therefore, several ductile sheath materials like Ag, Ag-Cu 
etc. are used for febricating superconducting wires/tapes for the technological 
applications. Critical ten^ratures (Tc) and critical currents (Ic) of Pb-Bi-Sr-Ca-Cu-0 
(PbBiSCCO) superconductors containing 10, 25 or 30 wt.% Ag or AgCu or Agin are 
studied. Specimens of 24-h annealed, 10 wt.% added metal/alloy composites show the 
highest critical currents, which is much higher than pure PbBiSCCO. Samples annealed 
for 24 h bestow better transport property than the 48-h annealed samples for the same 
composition. The connectivity eflTect of metal/alloy between superconducting grains can 
e^lain this finding. The Ic of Agin cooqwsites is superior to AgCu but inferior to Ag 
composites. This finding is explained in terms of supercurrent transport properties. Partial 
substitution of Cu by K in multi-con:qx)nent glassy precursors for high Tc superconductor 
viz. Bi2.xPbxSr2Ca2Cu308 (x = 0.1-0.3) is found to destroy superconductivity of the 
corresponding annealed phases. Unlike K fi-ee glasses, the K-containing 
Bi2.xPbxSr2Ca2Cu3.yKyOz (x = 0.1-03, y = 0.2-0.3) does not become superconductor by 
annealing it at higher ten:q)eratures. This indicates the suppression of superconductivity 
by the prec^)itation of ferroelectric nanoparticles in the K doped glass nanocrystal 
con^wsite (GNC). As a small amount (less than 10 wt.%) of Li acts as flux in 
Bi4Sr3Ca3.zLizCu40x (z = 0.1, 0.5, and 1) glasses to keep the oxygen content fixed, it helps 
to increase the superconducting transition temperature of corresponding glass-ceramics. 
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The thermoelectric power (TEP) of Bi4-nPbnSr3Ca3Cu40x (n = 0-1) glasses and glass 
ceramics has been investigated. Seebeck coefficient (S) of the partially aimealed glass 
system is foxmd to increase linearly with ten^rature. The S value of the corresponding 
glass ceramic superconductor shows broad peaks around Tc. A change over from positive 
(below 290 K) to negative (above 290 K) in thermal variation of S indicates the 
coexistence of both electrons and holes in these superconductors. The TEP data can be 
fitted with both the two-band and Nagaosa-Lee models. Therefore, the bosonic 
contribution in the transport properties of these superconductors, as expected by the 
Nagaosa-Lee model, is supported. YBaiCuaOx (123) and (YBaiCusOx-Ag) 
superconductors are prepared by sol-gel method and their electrical resistivity as well as 
magnetic susceptibility is studied. The Tc is found to be ~ 93 IL The critical current 
density (Jc) is determined to be around 200 A/cm^ at self-field and 80 K temperature. 
Synthesis, structure and properties of the most intensively studied newly 
discovered intermetallic binary superconductor MgBi have been discussed. Though this 
material has been known since 1950s, it is recently ascertained to be superconductive 
with a record high Tc ~ 40 K. The detection of this binary superconductor initiates the 
basic research to find out other binary and ternary intermetallic superconductors like 
BeB2.75, MgCNia etc. It has a hexagonal unit cell with parameters a ~ 3.1432 A and c ~ 
3.5193 A. MgB2 bulk samples synthesized imder high pressure (~3.5 GPa) and high 
temperature (~1000 °C) has density ~2.63 g/cm .^ The normal state carriers of MgB2 are 
holes as established from the positive thermoelectric power and Hall coefficient 
measurements. The external pressure decreases the Tc with dTo/dP in the range of -1 to 
-2 K/GPa. The Tc also decreases rapidly by the doping of Mn, Li, Co, C, Al, Ni and Fe 
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but increases slightly by Zn doping. However, no significant change of Tc is observed by 
the doping of Si and Be. It is fiirther noticed that the anisotropic ratio y (= Hc2''' /Hc2'0 ~ 
1- 5 with lower critical field Hci(O) ~ 25-48 mT and upper critical field, Hc2(0) ~ 40 T. 
The Jc of it is as high as 1.3x10^ A/cm^ in the self-field and 9.4x10* A/cm^ in a magnetic 
field of 2 T at the tenqierature of 20 K. The most interesting feature of this 
superconductor is the appearance of two superconducting energy gaps: one is at Ai ~ 
1.92 meV and the other is at A2 ~ 3.45 meV. From theoretical studies, it is found that 
MgB2 superconductor has a minimum of the density of states (DOS) just above the Fermi 
level that can account for the decrease of Tc with the increase of pressure. Copper oxide 
based high temperature cuprate superconductors (HTSC) are limited in their use as their 
Jc is governed by many fiictors like size of the superconducting grains, intra- and inter 
grain connectivity, texture of the superconducting grains etc. Though the wires/t£^s 
made of HTSC can be operated above liquid nitrogen ten:5)erature (77 K), these are 
e3q)ensive due to the use of 70% silver for their febrication. MgBa offers the possibility of 
a new class of superconducting materials having low cost and high performance for 
magnetic and electronic applications. The advantages of MgBa are of its lower anisotropy 
compared to that of HTSC, larger coherence lengths and comparatively cleaner grain 
boundaries to current fiow. Its high To value, simple crystal structure, large coherence 
lengths, high critical current densities and fields promise that MgB2 would be the most 
probable candidate for large scale applications and devices. Considering its higher Tc and 
Jc values in addition to lower cost compared to the existing metallic superconductor NbTi 
etc., there is an immense possibility of MgB2 to be emerging out as the next generation 
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superconductor for technological applications. It would also provide higher operating 
temperatures con^ared to the present Nb based electronics with higher device speed. 
Another intermetallic superconductor MgCNis has many interesting properties 
and is focused for the understanding of its conqjlicated physics. Energy band calculations 
show that the DOS at the Fermi level, N(EF), is dominated by Ni d states and there is a 
von Hove singularity (vHs) of the DOS just below (< 50-120 meV) the EF. It is surprising 
that the conduction electrons in it are derived from the partially filled Ni d states, which 
typically lead to the ferromagnetism in metallic Ni and many Ni-based binary alloys. The 
MgOtNia has a simple cubic perovskite structure with space group Pm-3m and the lattice 
parameter a is ~ 3.812 A for x ~ 0.97 at ambient temperature and pressure. However, the 
NieCOe) octahedral is locally distorted from those expected in perfect cubic Pm-Bm. Sbc 
Ni atoms at the &ce-centered positions and eight Mg atoms at the cube comers surround 
the carbon atom of MgCNis at the body center. The carriers in it are electron type in 
normal state though theoretically it is predicted to be hole type. Its Tc increases with the 
increase of x in MgCxNis but generally decreases due to the Ni site doping by Co, Fe, 
Mn, Cu etc. Theoretically, DOS peak is greatly reduced by the dopii^ at Mg or Ni site, 
vAach accounts for the reduced Tc. The effect of hydrostatic pressure (P) up to 17 kbar on 
the Tc of MgCxNia (x = 1-1.5) has been examined. The Tc is fovipd to increase with 
increasing P at a rate of dT /^dP ~ 0.0134 to 0.0155 K/kbar depending on the value of 
carbon content x. The absolute value of dTc/dP for MgCxNia is about the same as that of 
intermetallic RNi2B2C (R = rare earths) and metallic superconductors but about one order 
of magnitude smaller than that of MgB2. However, the dlnTo/dP ~ 0.00181 to 0.00224 
kbar'' and the rate of change of Tc with unit cell volume (V), dlnTo/dhiV ~ -3.18 to -2.58 
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of MgCxNis are having the coirparable magnitude to that of MgB2 with opposite siga 
The increase of Tc with P in MgCxNis can be explained in the frame works of DOS 
effect. Controversial magnetoresistance is reported on it. It has been observed that the 
electronic contribution is slightly higher than the lattice one in the normal state thermal 
conductivity. The specific heat and tunneling spectroscopic studies indicate that this is an 
s-wave BCS-type weak/moderate coupling type-II superconductor which needs fiirther 
confirmation as the penetration depth exhibits distinctly a non s-wave BCS low 
ten^rature behavior and theoretically suggested as a d-wave superconductor. 
Magnetic field dependence of low temperature specific heat of spinel oxide 
superconductor LiTi204 has been elaborately investigated. In the normal state, the 
obtained electronic coef&cient of specific heat yn = 19.15 mJ/mol K^  and the Debye 
tenq)erature QD = 657 K. The Tc ~ 11.4 K is very sharp (ATc ~ 0.3 K) and the estimated 
5C/YnTc is ~ 1.78. In the superconducting state, the best fit of data leads to the electronic 
specific heat CJjnTc = 9.87 exp (-1.58 T/T) without field and y(H) oc H°'^ with fields. 
In addition, Hc2(0) ~ 11.7 T, thermodynamic critical field Hc(0) ~ 0.32 T, Grinzburg-
Landau parameter 4GL(0) ~ 55 A, London penetration depth A<3L(0) ~ 1600 A, and Hci(O) 
~ 26 mT are estimated from Werthamer-Helfand-Hohenberg (WHH) theory or other 
relevant relations. All the obtained results indicate that LiTi204 can be ^  well described by 
a typical type-II, BCS-like, moderate coupling, and fiilly g^ped superconductor in the 
dirty limit. It is suggested that LiTi204 is a moderately electron-electron correlated 
system. 
Colossal magnetoresistivity (CMR) in manganites like REi-xAxMnOa (RE = rare 
earth and A = alkaline earth material) is an example in which spin, charge and lattice 
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degrees of freedom conspire to produce a dramatic effect. This system has many 
significant properties like metal-insulator transition (MIT), ferromagnetic (FM)-
paramagnetic (PM) and FM-antiferromagnetic (AFM) phase change, charge and orbital 
orderii^ (CO-00), spin ordering etc. The interplay between double exchange (DE) 
interaction and CO-00 can be tuned by changing the value of x, by varying the radius of 
RE or A, by appfying the electric/magnetic field, by irradiating with x-ray/infra-red 
radiation, by applying external pressure and by Mn-site substitution. The ground state of 
CMR materials have electronic phase separation (PS) which is the simultaneous presence 
of submicrometer FM metallic phase percolated in an insulating CO-00 AFM matrix. A 
little change of the fi*action or arrangement of the domains can induce the percolation. 
There are several chemical and physical applications of the CMR materials. The chemical 
Explications include catalysts for auto exhausts and electrochemical engineering, where 
they are enqiloyed as electrodes in ojQ g^en sensors and solid oxide fiiel cells. The 
catalytic activity is associated with Mn^ '^ -Mn*'^  mixed valence where the mixed ionic-
electronic conductivity is associated with the formation of oxygen vacancies in the solid. 
The potential physical applications include magnetic sensors, magnetoresistive read/write 
heads and magnetoresistive random access memory. 
The specific heat of bi-layered manganites La2-2xSri+2xMn207 (x = 0.3 and 0.5) is 
examined for the ground state of low ten^rature excitations. A T^ '^  dependent term in 
the low-temperature specific heat (LTSH) is identified at zero magnetic field and 
suppressed by magnetic fields for x = 0.3 sample, which is consistent with a 
ferromagnetic metallic ground state. For x = 0.5 sample, a T^  term is observed and is 
consistent with a two-dimensional (2D) antiferromagnetic insulator. However, it is almost 
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independent of magnetic field within the range of measured ten^rature (0.6-10 K) and 
magnetic field (6 T). Specific heat C of polycrystalline manganites Pri.xCaxMn03 (113-
PCMO) with X = 0.3-0.4, Lai-yCayMnOs (113-LCMO) with y = 0.3 and 0.5, and 
La2-2zSri+2zMn207 (327-LSMO) with z = 0.3 and 0.5 have been invest^ated for a wide 
range of ten^ratures (T = 80-300 K). Clear anomalies in C are identified which are 
associated with CO, AFM and FM ordering transitions. The anomalies in 113-PCMO and 
113-LSMO are bigger than those of 327-LSMO. The possible e7q)lanations for these are 
due to the dimensionality effects. 
A systematic study of resistivity (p), magnetization (M) and specific heat (C) on 
polycrystalline Pro.esCaojs-xSrxMnOs (x = 0-0.35) perovskite manganites has been carried 
out. The T-x phase diagram presenting their electrical and magnetic properties is 
prevailed. The Pro.65Caoi5Sro.iMn03 (for x = 0.1) sample is particularly unique showing a 
CO transition at Tco ~ 200 K, an AFM ordering transition at TN ~ 175 K, a metal-
insulator (MI) transition at TKQ ~ 80 K and an unusual magnetic ordering transition at TM* 
~ 45 K in the absence of magnetic fields. However, the specific heat data do not show 
any anomaly at TMI for MI transition but illustrate a much smaller anomaly than ejqpected 
one at TM and is suppressed by magnetic fields. This may indicate that the FM ordering 
in Pro.65Cao.25Sro.iMn03, commonly related to MI transition, is of canted or fluctuated of 
phase separation of FM and AFM in nature. This is established fi:om the T-H phase 
diagram, as well as the thermal and magnetic hysteresis in p, M and C. A huge 
enhancement of magnetoresistance, MR (10% at H = 100 Oe and 99% at H = 0.5 T) has 
been observed in Pro.65Cao.25Sro.iMu03 sample around TMI ~ 80 K which is induced by the 
phase separation (PS). 
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In feet, a con^tition between a CO insulating and a FM metallic phase is 
acconq)lished in Pro.esCao.as-xSrxMnOs perovskites as the sample for x = 0 exposes an 
insulating and that for x = 0.35 reveals a metallic behavior below room ten^rature. The 
doping of Sr introduces the nanosize FM clusters in CO/AFM matrix of Pro.esCaossMnOa. 
At lower concentration of Sr, the number of nanosize FM clusters is very small and the 
system resembles a regular array of charge short of Wigner crystal and it remains an 
insulator as no percolation is possible through the AFM matrix. The increase of Sr 
concentration (x), enhances the number as well as volume of FM clusters, the percolation 
among some FM clusters starts and the p decreases. When x = 0.1, the number and 
volume of CO/AFM and FM clusters become nearly eqiial causing to disorder induced 
PS with prominent and intrinsic inhomogeneities in the form of coexisting competing 
phases and leading to MI transition and unusual magnetic ordering in these materials. 
Therefore, the application of a low magnetic field (< 0.5 T) on the samples with x ~ 0,1 is 
suflBcient to partially melt the CO insulating phases and fitcUitate to percolate the FM 
phases to enhance the metaUicity leading to huge magnetoresistance. The volumes as 
well as the number of FM clusters increase with further increase of x in ejqiense to those 
of CO/AFM clusters. Thus practically all the matrix become FM leaving embedded 
nanosize CO/AFM phases in x = 0.35 sample which is metallic at all temperatures as the 
nanosize CO/AFM phases cannot block the percolation. 
Non-adiabatic small polaron hopping conduction mechanism is followed by 
Pro.65Cao.35-xSrxMn03 (x = 0-0.35) manganites above the respective TMI. Variable range 
hopping (VRH) has been foimd less important with the increase of Sr concentration in the 
low ten^erature semiconducting region (T > TMI). A non-linear change in the activation 
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energy (Ep) and 9D with applied magnetic field has been observed for all the samples. The 
metallic conduction below TMI shows the electron-magnon scattering behavior similar to 
other manganites. Activation energy Es, estimated from the temperature dependent 
Seebeck coefficient data, is observed to be much smaller than Ep determined from the 
resistivity data, which also supports the small polaron hopping conduction. The transport 
in the high temperature phase of oxygen isotope diffiised epitaxial thin films of 
Lao.TsCaoisMnOa (LCMO) and NdojsSro^sMnOs (NSMO) are also explained by small 
polaron hopping conduction mechanism. 
Tenperature dependent magnetization, magnetoresistance and magneto-
thermoelectric power of the K doped Lai.xCax-yKyMnOs type samples with x = 0.3 and 
0<y^0.15has been studied. All the sanqjles exhibit sharp MIT aroimd Tp acconq)anied 
by a FM metallic to paramagnetic (PM) semiconducting phase transition with a well-
defined Curie temperature Tc (ahnost equal to Tp). Doping of mono-valent K in the 
divalent Ca site of Lai-xCax-yl^ MnOa drives the system from a high resistivity regime 
with lower Tp to a lower resistivity regime with higher Tp. Systematic increase of Curie 
ten^rature with increase of K doing is observed from the magnetization measurement 
down to 5 K. Low tenqjerature resistivity (p) and thermoelectric power (Seebeck 
coefficient, S) data well fit the relations p = po + ^T^ and S = So +SinT^'^ +S4T' 
respectively signifying the in^rtance of electron-magnon scatterii^ process (p2T^ and 
S^nT^'^ term). Alternatively, the high tenq)erature (T > Tp up to 320 K) conductivity data 
satisfy VRH model. For T > 320 BC, small polaron hopping model is more appropriate 
than the VRH model. High temperature TEP data also signifies the formation of 
thermally activated small polarons. Even with very small change of y, the DOS at the 
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Fermi level N(EF) changes considerably. The magnetotransport properties have been 
measured under pulsed magnetic field of microsecond duration. The decay time of the 
magnetic pulse within the sample (T) varies with field strength, which indicates that with 
change of magnetic field, ordering of the spin in the ferromagnetic regime changes. The 
details of the work on the exotic materials will be obtained fi-om the attached reprints in 
the following chapters. 
The thesis consists of three chapters of reprints. Chapter-I contains the reprints on 
amorphous semiconducting glasses and high dielectric constant materials. Chapter-II 
incorporates the reprints on superconducting materials. The published work on CMR 




This Chapter contains the reprints on amorphous semiconducting glasses and high 
dielectric constant materials. These glasses are structurally characterized by x-ray 
diffraction (XRD), scanning electron microscopy (SEM), dififerential thermal analysis 
(DTA), thermo-gravimetric analysis (TGA), differential scanning calorimetry (DSC), 
infra-red (IR), electron paramagnetic resonance (EPR) and x-ray photoemission 
spectroscopic (XPS) techniques. 
The dc & ac conductivities and dielectric properties of Bi4Sr3Ca3CuyOx (y = 0-5), 
Bi4Sr3Ca3.zLizCu40x (z=0.1-l), Bi4jPbnSr3Ca3Cu40x (n = 0-1) and VN-PbO-Te02 glasses 
are measured and fitted with different theoretical models. It is found that the dc 
conductivity of all the glasses is due to the small polaron hopping conduction. The ac 
conductivity and the frequency exponent are e?q)lained by the correlated barrier hopping 
(CBH) model There is a distribution of relaxation times of the carriers which has been 
confirmed from the Cole-Cole plot. The relaxation behavior is also thermally activated in 
nature. 
Dielectric properties of Bai-xKxBiOs (x = 0 to 0.75) and BaTiOs doped 9OV2O5-
10Bi2O3 glasses are also given in this chapter. The room tenperature electron 
paramagnetic resonance (EPR) of Fe^ "^  ions in Bi203-PbO-Fe203 glasses for different 
molar percentages of Fe203 are included here. The reprint on K-doped glasses viz. Bi2. 
xPbxSr2Ca2Cu3.yKyOz (x = 0.1-03, y = 0.2-0.3) showing ferroelectric transitions (between 
500-330 K depending on y) is as well attached here. This chapter also contains the invited 
article on ferroelectric nanocrystals dispersed oxide glasses published in Encyclopedia of 
Nanoscience and Nanotechnology. 
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ABSTRACT 
The dc conductivity of VN-PbO-Te02 glasses with different mole percentages 
of VN, PbO and Tc02 has been measured in the temperature range 125-450 K. 
The conductivity of the glasses increases with increasing VN content for a fixed 
mole percentage of PbO. Neither Mott's variable-range hopping (VRH) model at 
low temperatures ( r< 0D/4 , where ©D is the Debye temperature) nor Greaves' 
VRH model at intermediate temperatures {&DI^<T<0OI2) describe the dc 
conductivity data for these glasses. Multiphonon tunnelling transport of strongly 
coupled electrons is also unable to account for the carrier transport. However, at 
high temperatures (7' > 0D/2 ) , conduction is shown to be due to small-polaron 
hopping in the non-adiabatic regime. Alteration of the VN content causes a 
change in the model parameters achieved from best-fitting curves for the glasses. 
Modulated differential scanning calorimetry analysis shows that the glass transi-
tion temperatures T^ in this system vary from 269 to 302°C. 
§ 1. INTRODUCTION 
Semiconducting transition-metal oxide (TMO) glasses are of special interest for 
many technological applications (Sakurai and Yamaki 1985, Hirashima et al. 1987, 
Nakamura and Ichinose 1987). The presence of transition-metal ions (TMIs) in more 
than one valence state is a general condition for the semiconducting behaviour 
of these glasses. The dc conduction occurs by transfer of electron from a low to a 
high valence state of the TMIs. It has been hypothesized that electrical conduction 
in these glasses is controlled by strong electron-phonon interaction, resulting in 
the formation of small polarons (Mott 1968, Austin and Mott 1969, Mott and 
Davis 1979). This indeed was found in oxide glasses containing Cu (Mollah et al. 
1992, 1995, Som et al. 1992, Chatterjee et al. 1996), V (Doweidar et al. 1985, 1991, 
^Present address: Department of Physics, National Sun Yat Sen University, Kaohsiung 
804, Taiwan. 
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Sakata et al. 1999) and Fe (Qiu et al. 1995, Satou and Sakata 2000) ions. Small-
polaron hopping (SPH) (Mott 1968, Austin and Mott 1969) has been invoked to 
explain the dc conduction and transport properties of vanadate glasses (Sayer and 
Mansingh 1972, 1983, Dhawan et al. 1982, Ghosh and Chaudhuri 1986, Mori et al. 
1994, Qiu et al. 1995, 1997, Satou and Sakata 2000). Three-dimensional variable-
range hopping (VRH) conduction (Mott 1969) takes place in these glasses at low 
temperature (below 6>D/2, 6>D being the Debye temperature) where the polaron 
binding energy is less than k^T {k^ is the Boltzmann constant and T is the absolute 
temperature). 
Recently, there has been considerable interest in the study of semiconducting 
glasses with tellurium oxide as the (non-conventional) glass former. It is considered 
that highly conductive tellurite glasses are potential candidates for O2 gas sensors. 
Some glasses containing TMOs, for example V205-PbO-Te02 (Sakata et al. 1996), 
VzOy-SnO-TeOa (Mori and Sakata 1997) and FezOa-Sb-TeOz (Chakraborty et al. 
1997) have revealed 02-gas-sensing properties. 
The effect of N (3-18 wt%) incorporation on the electrical conductivity, the 
strength and the structure of Si-based oxynitride glasses have been studied for almost 
three decades (Mulfinger 1966, Elmer and Nordberg 1967, Jack 1976, Frischat and 
Schrimpf 1980, Loehman 1980, Makishima et al. 1980). N incorporation in the Si02 
structure enhances the ionic conductivity and the strength of the glass owing to a 
compaction of the structure (Frischat and Schrimpf 1980, Makishima et al. 1980). 
To the present authors* knowledge, no work has been done on the transport proper-
ties of VN-containing vanadium-lead-tellurium oxynitride glasses. VN-PbO-Te02 
glasses arc perspective materials for pressure and gas sensors if their conductivity is 
suflSciently large. The aim of this work is to investigate the effect of N incorporation 
on the physical and electrical properties of vanadium-lead-tellurium oxynitride 
glasses. 
This paper reports the preparation, chemical analysis and temperature depen-
dence of the dc conductivity of Vl^-PbO-Te02 glasses. Different model parameters 
are evaluated from the dc conductivity data to explain the transport property of 
these glasses. The thermal characterization of the glasses and the results of X-ray 
photoelectron spectroscopy (XPS) are also discussed. 
§ 2. EXPERIMENTAL DETAILS 
Reagent-grade VN (purity, 97.5%), PbO (purity, 99.9%) and Te02 (purity, 
98.0%) were used to prepare the glass samples. Fpr each sample, 5 g of these raw 
materials with appropriate masses for the constituents, were thoroughly mixed in an 
agate mortar and sintered at 200°C for 2 h to evaporate any moisture. Thereafter, the 
mixture was melted in an electric furnace in flowing N2 gas (50mlmin"') at 750°C. 
Each melt was kept at this temperature for 1 h. The glasses were prepared from the 
melt at 750°C by rapid quenching to room temperature (25°C) by compression 
between two highly polished Cu blocks. The resulting glasses were black with 
shiny surfaces of area 10 mm x 10 mm and had a thickness of 1.0 mm. Six samples 
with different compositions were prepared. They will be hereafter referred to as 
follows: sample A, VN: PbO: TeOj = 50:10:40); sample B, VN: PbO: Te02 = 40: 
10:50; sample C. VN: PbO :Te02 = 30:10:60; sample D, VN:PbO:Te02 = 
20:10:70; sample E, VN: PbO: Te02 = 40:20:40; sample F, VN: PbO: TeOj = 
30:20:50. Their densities p were ascertained by the Gay-Lussac method in toluene 
at 293 K. These data were Used to compute the apparent molar volume VQ occupied 
41 
Non-adiabatic SPH conduction in VN-PbO-Te02 glasses 1699 
by 1 g atom of O in these glasses. V^ was calculated from the formula Vo = M/pn, 
where M is molecular weight calculated from the composition and n is the number of 
O atoms in one formula unit. The amorphous character of the glasses was estab-
lished by X-ray diffraction (XRD) of the samples in powder form, using a Rotofax 
300 RU diffractometer and Cu Ka radiation at room temperature. The glass transi-
tion temperature Tg of the samples was determined from modulated differential 
scanning calorimetry (MDSC) analysis using a DSC 2910, a modulated differential 
scanning calorimeter and a thermal analysis instrument. The samples (15-20mg) in 
powder form were heated from 150 to 350°C at 10°Cmin"' for MDSC analysis. XPS 
of the glasses was accomplished using an X-ray photoelectron spectrometer (model 
ULVAC-PHI). The XPS data were taken after sputter etching of the samples for 10 s 
with Ar. A C correction for all the spectra was carried out. Part of the bulk samples 
were shaped with emery paper, cleaned with acetone and Au coated on both sides, 
for dc conductivity measurements in the temperature range 125-450 K by a two-
probe method with a programmable electrometer (Keithley 617). 
§3. RESULTS AND DISCUSSION 
3.1. Physical properties 
The density p of the glasses increases from 4.73 to 5.49 gcm~', while the appar-
ent molar volume VQ decreases from 27.86 to 18.45 cm^g-atom"' with decrease in 
VN content (table 1). The variation in VQ with VN concentration suggests that the 
geometry and topology of the random network of the glasses change with VN 
concentration. Figure 1 shows XRD spectra of the six glass samples. All show 
only a broad hump at 20»3O°, confirming the amorphous nature of the samples. 
MDSC measurements are shown in figure 2. Tg of the glasses varies from 269 to 
302°C, increasing with the decrease in VN (table 1). These values are higher than 
those reported for other tellurite glasses (Sakata et al. 1996). Sample C has the 
highest Tg of 302°C, while sample A has the lowest Tg of 269°C. XPS analysis 
(MoUah et al. 2002) revealed the presence of VN, V^, V^+, Pb^+, Pb"*, Te'*+ and 
Te in the glasses (table 2). The occupancy of 8-10at.% VN confirmed the oxynitride 
nature of the vanadium-lead-tellurium glasses. These VN contents correspond to 
an equivalent content of l-2at.%N in the glasses (MoUah et al. 2002). Values 
of Cv = [V*'^ ]/([V'''*']-|-[V^+]) were estimated from the area of separated XPS peaks 














































































"A W= W- Wh- yV is the value at 444 K. 
*£s is taken as 30 for all the glasses to calculate W^. 
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Figure 2. MDSC curves of VN-PbO-TeOa glasses. 
corresponding to V*"*" and V "^^  for different glass compositions. The Cy values were 
consistent with the dc conductivity (tables 2 and 3) of the glasses. 
Figure 3 shows the X-ray photoelectron spectra for V2p3/2 of glass A. The main 
peak is separated from the peak corresponding to V^ "*" with a binding energy of 
43 
Non-adiabatic SPH conduction in VN-PbO-Te02 glasses 1701 




























(at.Vo) from XPS data 
Pb" Pb^ "^  Pb^ 
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4.64 31.58 68.42 
5.84 39.45 60.55 
















"Total atomic percentages in the glasses. 
= [V*+]/([V''+]+[V* ]^). 
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(i) Obtained from the logiotrdc versus 10 / r curves (not shown). 
(ii) Obtained from the logio(adcr) versus lO'/r curves (figure 5). 
"Calculated from OTQ at 400K assuming that Vph= lO'^ Hz. 
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Figure 3. X-ray photoelectron spectra (VIpy^ of 50mol% VN-10mol% 
PbO-40moiyoTe02 glass (MoUah et al. 2002). 
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516.60 eV and that corresponding to V"*" with a binding energy of 517.56 eV. A peak 
due to VN with a binding energy of 514.60 eV is observed, suggesting the presence 
of VN structural units in the glass network. Possible structural units in the glass 
network may be =rV=N-0 or =V=N-0. The X-ray photoclectron spectra of 
Pb4f7/2 and Te3d5/2 of the glasses were also studied. Figures 4(a), (b) and (c) 
show the relative atomic percentages for V, Pb and Te ions respectively with different 
valences for the glasses A-D, calculated from an integrated area of each XPS 
50 40 30 
VN (mol%) 
20 
10 10 10 
PbO (mol%) 
10 
40 50 60 
Te02 (mol%) 
Figure 4. Relative atomic percentages of (a) VN and V, (b) Pb and (c) Te ions in the glasses 
determined from X-ray photoelectron spectra (Mollah et al. 2002). 
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peak. In figure 4(a), for 50-20 mol%VN (40-70 mol'/oTeOz), the VN content 
present in the glasses varies from 8.25 to 10.10 (table 2). With increasing Te02 
content, the relative concentration of V^"^ decreases but that of V*"*" increases 
(figure 4 and table 2). This indicates the formation of vanadium oxynitride glasses 
in the Te02 glass network, similar to the oxynitride glasses obtained for SiOj-based 
glasses using AIN raw material (Loehman 1979). Figure 4(b) specifies the relative 
atomic percentages of Pb^ "*" and Pb^ "*" ions in the glasses. The former concentration 
increases and the latter decreases with increasing TeOa content. This may be due to 
the preferred oxidation of the V ion by O2 decomposed from TeOa, which decreases 
the amount of O2 necessary for oxidizing PbO. The concentration of Te^''' in the 
glass increases with increase in the Te02 content (figure 4 (c)), but the Te content 
decreases with increasing Te02. The increasing Te content for larger amounts of VN 
accompanied by the V*"*" and V^"*" contents (figure 4 (a)), suggests a reducing reaction 
of Te02 which oxidizes V ions in the glasses on melting. From the presence of VN, 
V*"^ , V "^^ , Pb "^^ , Pb*"^ , Tc*"^  and Te ions in the glasses (table 2), the following redox 
reactions in the melts are inferred: 
Te02 - • Te + 02, (1) 
VN + 02-»>V02 + |N2, (2) 
2V02 + ^02-^'V205. (3) 
PbO + i02-^Pb02 . (4) 
Consequently, the above XPS data (figures 3 and 4, and table 2) indicate that 
N depolymerizes the glass network, as the VN content in the glasses is smaller for 
the higher stoichiometric VN contents (table 2). This could explain the decrease in Tg 
and ©D with increase in the VN content as found from MDSC and dc conductivity 
data (tables 1-3). 
3.2. Electrical properties 
The dc conductivity ajc behaviour of these glasses can be explained using a 
polaron hopping mechanism with an expression (in the non-adiabatic approxima-
tion) of the form (Mott 1968, Austin and Mott 1969, Mott and Davis 1979) 
where OQ is a pre-exponential factor given by Vp^^Ne^R^Cvil — Cy)exp{—2aR)lk^ 
where A^  is the number of TMIs per unit volume, Cy is the ratio of the TMI con-
centration in the low-valence state to the total TMI concentration as defined earlier, 
Vph is an optical-phonon frequency (about lO'^Hz), e is the electronic charge, R is 
the average V-V spacing (proportional to N~^^^), a is the wave function decay 
constant, W is the activation energy, ks is the Boltzmann constant and T is the 
absolute temperature. Some of the important parameters such as N, R and Cy of the 
glasses are given in tables 1 and 2. In the adiabatic case, the integral I = c\p{-2aR) 
reduces to 1.0. 
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The activation energy W is given by (Mott 1968, Austin and Mott 1969, Mott 
and Davis 1979) 
W = ^ " ^ ^ for (6) 
where @x> is the Debye temperature defined by /iVph = fcB0D. h being the Planck 
constant, Wi, is the polaron-hopping energy equal to H p^/2, W^ is the polaron bind-
ing energy and W^ is the disorder energy arising from the energy difference of the 
neighbouring sites. 
The value of W^ is estimated from the following relation (Mott 1968, Austin and 
Mott 1969, Mott and Davis 1979): 
J. 
^ ^ = - f = 4Z('-p'-^"')- • ^'^ 
where r^ is the polaron radius and £p is the effective dielectric constant. The Vp for 
these glasses are about 0.21-0.25 nm (table 1). The disorder energy W^ is obtained 
from the Millar-Abrahams (1960) theory as (Mott 1968, Murawski and Gzowski 
1976, Murawski et al. 1979, Isard 1980) 
where e, is the static dielectric constants of the glasses at high temperatures and low 
frequencies. This disorder energj' W^ might exist between the initial and final sites 
owing to variations in the local arrangements of ions (Sayer and Mansingh 1972). 
Mott (1968) proposed that the airriers, having insufficient energy to hop to nearest 
neighbours, will hop further afield to find sites of comparable energy, in spite of 
a smaller electron overlap. This approach leads to the dependence of W^ on R 
(equation (8)). Isard (1980) suggested that it is more appropriate to use an extra-
polation of the low-frequency dielectric constant e^ from electrical measurements 
down to zero frequency, which are typically in the range 20-30, for the calculation 
of Wi for the vanadate glasses. However, it should be mentioned that, for the 
calculation of W^^ from equation (7), the value of l/cp (= l/£oo-l/e,) has been 
proposed by Isard (1980) taking Soo ^nd e, as the limiting values above and below 
respectively the phonon frequency (lO'^ Hz). For this case, e, is taken as the limiting 
high-frequency (lO'^Hz) value (about 8) from electrical measurements (Isard 1980). 
We assume here that e, = 30, and this value is reasonable as EJ « 36-54 at 500 Hz 
for V205-MnO-Te02 glasses (Pal et al. 2003) and Cj '^ 20-30 for the vanadate glasses 
(Isard 1980). The calculated values of W^ are then found to be about 0.04 eV (table 
1). 
Figure 5 shows an Arrhenius plot of logio(ffdc^)- At a particular temperature, 
the dc conductivity of the glass A is a maximum and that of the glass F is the 
minimum, consistent with the variation in Cy (table 2). At 360 K, the dc conductivity 
of the glasses is found to vary from 1.78 x 10~* to 7.43 x 10~' n~' cm"' depending 
on the concentration of VN. This large variation may be due to the change in 
VN content in the glasses. The slopes of the curves (figure 5) change slightly with 
T at high temperatures, indicating little modification of the activation energy W. 
At 444 K, fF changes from 0.34 to 0.57 eV and W^, varies between 0.18 and 0.25 eV 
(table 1). 
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4 5 6 
lovnK'M 
Figure 5. Inverse temperature dependence of the product of dc conductivity 
and absolute temperature. 
The temperature where the linearity of the curves of logio (ffdc?') versus lO'/T 
(figure 5) deviates is taken as ©DP ©D is the Debye temperature which varies from 
277.7 to 416.6 K (table 3), increasing with the decrease in VN content. The variation 
in logio<T<ic and the activation energy Wmth mole percentage of VN for a fixed mole 
percentage of PbO is shown in figure 6 at two fixed temperatures (250 and 400 K). 
cTdc increases and JV decreases with increase in VN content. 
The significance of the tunnelling term exp (-2aR) in the OQ term of equation (5) 
can be seen by plotting logioor<jc against PTat a fixed temperature. Since the tem-
perature of measurement is T in equation (5), the plot has a slope of i/kaT for 
adiabatic hopping as era is unchanged, while for non-adiabatic hopping the term 
exp (~2aR) will also contribute (equation (5)); so a different temperature T will be 
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20 30 40 
mol% of VN for 10 mol% of PbO 
Figure 6. Dependences of dc conductivity and activation energy of vanadium-lcad-tellurium 
oxynitride glasses on mole percentage of VN with a fixed mole percentage 10mol% 
of PbO. 
calculated from the slope. Thus the temperature T^ estimated from the slope of such 
a plot (figure 7) should be equal to the experimental temperature T when hopping 
is considered to be in the adiabatic regime but Tj should become greatly different 
from T if hopping is thought to be over in the non-adiabatic regime (Sayer and 
Mansingh 1972, 1983, Dhawan et al. 1982, Ghosh and Chaudhuri 1986). Again, 
if Txxk^RT*^ W, equation (5) will reduce to the form in the adiabatic region 
and r«« Te. However, if lak^RT^ W and a is independent of composition, then 
the variation in R with composition will cause a change in the slope of logio c^ dc 
versus W plots, giving T^ different from T. Good agreement between T^ and T 
can be obtained even if Tak^RT'v W and aR is independent of composition 
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0.333 0.356 0.379 0.402 0.425 0.448 0.471 0.494 0.517 0.540 
IV(eV) 
Figure 7. Variation in ffdc with activation energy W for two fixed temperatures (250 and 
400 K). The estimated temperatures Tt are obtained from the slopes of the curves 
(for details, see the text). 
(Sayer and Mansingh 1972, 1983). Thus, the degree of agreement between Tand T^ 
is not always sufficient to be able to classify the systems into adiabatic or non-
adiabatic; it can, however, provide an indication. In our system, the temperatures 
predicted from such plots (figure 7) for the experimental temperatures T=250 and 
400 K are found as 7'e = 406 and 675 K respectively. Thus the higher values of T^ 
from the corresponding experimental temperatures indicate non-adiabatic SPH con-
duction in these glasses. However, adiabatic SPH conduction in VaOs-containing 
tellurite glasses for V2O5 contents greater than 50mol% and transport in the non-
adiabatic regime for V2O5 contents less than 50 mol% have been reported (Mori et al. 
1993a,b, 1995, 2000, Sakata et al. 1996, 1999). 
In another approach from Holstein's (1959) relation, one can also infer whether 
the hopping conduction is in the adiabatic or non-adiabatic region. According to 
that relation, the polaron bandwidth J should obey the following conditions: 
> H for adiabatic hopping, 
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The condition for small-polaron formation is J< W^jZ. An evaluation of J can 
be made from the approximate relation (Holstein 1959) for high temperatures: 
y(D <« 0.67/,Vph(J-) = 0.027(^) , (11) 
and for ground-state bandwidth yC0) = 3/iVph = 0.12eV. In the present system, from 
table 4, we find that //«0.05eV, 7(400 K)» 0.03 eV, 7(80 K) «:< 0.02 eV and PFh/3« 
0.06-0.08 eV. Since J (for both 400 and 80 K) is less than H and J (for both 400 
and 80 K) is less than H'h/3, we conclude that dc conduction in the vanadium-lead-
tellurium oxynitride glasses occurs by SPH in the non-adiabatic regime. The value 
of the small-polaron coupling constant yp, which is a measure of electron-phonon 
interaction in these glasses, can be estimated from the relation yp = 2JVJhVph (Mott 
1968, Austin and Mott 1969, Mott and Davis 1979). The values for /p, using 
Vph= 10'^  Hz, vary from 8.75 to 14.16 (table 4). Austin and Mott (1969) suggested 
that a value of )/p > 4 usually indicates strong electron-phonon interaction in the 
solids. From the values of yp, we have evaluated the ratio of the polaron mass mp to 
the rigid-lattice effective mass m* using the relation (Mott 1968) 
nip = ^^jp2 exP(>'p) = '" ' exp(yp). (12) 
The calculated values of mp/m* arc found to vary from 6.32 x lO' to 1.42 x 10* 
(table 4), values that are very large and indicate strong electron-phonon interaction 
in these glasses. 
Schnakenberg (1968) suggested that, with decreasing temperature, a single 
optical-phonon process replaces the multiphonon processes and the activation 
energy for conduction should follow the relation 
W _ tanh(Avph/4fcBr) 
W hvj,J4ksT ' ^ ' 
where W is the high-temperature activation energy. The variation in the theoretical 
as well as the experimental W/W' for glass A with temperature is shown in figure 8. 
It is seen that they both decrease with decrease in temperature. The same behaviour 

































































1.42 X 10* 
6.32 X 10' 
6.69 X 10' 
2.11 X 10* 
1.61 X 10' 
3.27 X 10" 
(i) Values of Go used for the calculation of J is obtained from the lO'/r versus logio^dc 
curves (not shown). 
(ii) Values of &D used for the calculation of 7 is obtained from the lO'/r versus logio (cacT) 
curves (figure 5). 
'His calculated for T= 300 K which is within the range 80-400 K for which J values are given. 
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Figure 8. Plot of W/fV' versus lOi^/T for the 50mol% VN-10mol%PbO-40mol%TeO2 
glass (sample A). The theoretical curve is obtained from equation (13). The same 
behaviour is abo observed for other glasses. 
has also been observed for other glasses in this series as well as other TMO glasses 
(MoUah et al. 1992, 1995, Som et al. 1992, Chatterjee et al. 1996). The decrease 
in activation energy with decrease in temperature is consistent with the polaron-
hopping model for dc conduction. Consequently the dc conduction in this glass 
system can be well explained by non-adiabatic SPH conduction. 
At sufficiently low temperatures (below 0D/4) , where the polaron binding energy 
is small, the static disorder energy of the glass plays a dominant role in the con-
duction process. In this temperature range, Mott's (1968) VRH model might be 
considered applicable. According to this model, the conductivity is given by 
o-dc = Q exp V r'/V' 
where 
and 
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N(Ep) being the density of states at the Fermi level. According to equation (14), 
plots of logiflCTdc versus T~''* should be straight lines. In contrast we see from 
figure 9 that this is not the case and so the VRH model is not appropriate to explain 
the data at low temperatures {T< 0D/2 ) . 
Greaves (1973, 1982) suggested VRH conduction for the intermediate tempera-
ture range (temperatures between 6>D/4 and 0 D / 2 ) and derived an expression for the 
conductivity as 
<7d, T"^ = L exp (17) 
where Q and L are constants. The slope of logio(o'dc7'"^) versus r""* plots is given by 
1/4 
e = 2.ii 
MNiEp)i = 2.41 
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Figure 9. Plots of logio<Tdc versus T*'* for the different VN-PbO-Te02 glasses. 
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0.21 0.30 0.24 0.27 
Figure 10. Plots of logioCffdcT""^ ) versus r"* for the different VN-PbO-TeOz glasses. 
Figure 10 shows that such plots are nonlinear. Thus neither of the VRH models 
(Mott 1968, Greaves 1973, 1982) is suitable for explaining the dc conductivity data of 
these glasses at temperatures lower than 6>D/2. 
In an alternative approach, we tried to fit the dc conductivity data to a multi-
phonon tunnelling model (Shimakawa and Miyake 1988, Shimakawa 1989) over 
the entire temperature range. According to Mott and Davis (1979), the dc hopping 





where N is the number of localized electrons, d is the hopping distance and F is the 
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"VD 'S calculated from AVD = A:B0D-
%O = W«' ' )VD. 
a single-phonon process (either nearest-neighbour or VRH) should explain the dc 
conduction (Mott 1968, Emin 1974,1975, Shimakawa and Miyake 1988, Shimakawa 
1989). When A is comparable with AVD. and the Bohr radius a"' is much larger than 
the lattice constant A, single-phonon tunnelling becomes less important (Mott 1968) 
and multiphonon processes make the dominant contribution to the electronic con-
duction. In the present system, the maximum /IVQ is equal to 0.034 eV (using the 
maximum VD from table 5), which is comparable with the disorder energy (about 
0.04 eV) of these glasses (table 1). So it seemed that multiphonon tunnelling pro-
cesses might be the more appropriate one to describe the dc conductivity data. 
In multiphonon timnelling of localized electrons, the hopping rate is given by 
(Shimakawa and Miyake 1988, Shimakawa 1989) 
©'• r = vo exp(-y/>) exp(-2a<0 I—j , (20) 
where p = A/hvQ, To = hvQ/kB and VQ is the acoustic phonon frequency. Since 
localized electrons with large radius couple only with long-wavelength phonons, 
VQ is smaller than VD. and is given by vo = (R/a~^)vo- For the weak-coupling case, 
Y lies between 2 and 3 (Shimakawa and Miyake 1988, Shimakawa 1989, Sakata et al. 
1999). Once again as N=ksTN(Ep), ffjc is proportional to T'' (from equations (19) 
and (20)). The exponent p may have a finite distribution but the average value is a 
non-integral nimiber and VQ is distributed around a certain value (Shimakawa and 
Miyake 1988, Shimakawa 1989). According to this model the dc conductivity is given 
by aic = or'oT'' where OQ is a constant. However logioo-<ic versus logioT curves, as 
shown in figure 11, do not present a linear relationship of adc with T. In spite of this, 
approximate values of j? can be obtained from the data. The values are comparable 
with those obtained for V205-Te02, V2O5-P2O5 (Shimakawa and Miyake 1988, 
Shimakawa 1989) and V205-CoC)-Te02 (Sakata et al. 1999) glasses. We have also 
calculated VQ with the relation AUD = ^B0D using the values of 0o from table 3. 
Assuming that a"' = 4nm and using R from table 1, together with the above vp. we 
have calculated VQ. Typical values of VD, VQ, TQ and p for these glasses are given in 
table 5. The value of the disorder energy A is estimated from the relation Ajhvo =p 
and found to be comparable with W^ (tables 1 and 5). y of these glasses is found to 
vary from 2.99 to 3.17 (table 5). Again j / = ln(J/£M) - 1. where EM is a measure of 
the electron-lattice coupling strength (Mott 1968, Austin and Mott 1969, Mott and 
Davis 1979) and G = £'M^B77(/(VO)^. The calculated values of EM and G are shown 
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-3r 
Figure 11. Graphs of logjotTdc and logio T for the different vanadium-lead-tellurium 
oxymtnde glasses 
in table 5. If K = 2 - 3 (Mott 1968) and G'<1 (Englman and Jortner 1970), multi-
phonon conduction of weakly coupled electrons is expected to be the most probable 
carrier transport process. In contrast, for the present vanadium-lead-tellunum oxy-
mtnde glasses, K > 3 and G > 1 (table 5) This, together with the nonlinearity of the 
plots in figure 11, lead us to conclude that multiphonon tunnelling does not provide 
an adequate explanation of the dc conductivity data. 
§4. CONCLUSIONS 
Oxynitride glasses in the system VN-PbO-Te02 have been prepared by melt 
quenching, and the mechanism of dc conduction in these glasses investigated XPS 
analysis reveals the presence of VN (equivalent content of 1-2 at % N in the glasses) 
and suggests either = V = N - 0 or = V = N - 0 as a possible structural I'nit The T^ and 
©D of the glasses are found to decrease with increase in the VN content The dc 
conductivity of the glasses decreases with reduction in the VN content (for a fixed 
mole percentage of PbO), VRH models (below 6>o/2) and multiphonon tunnelling 
(for the entire temperature region) cannot explain the dc conductivity data The 
estimated temperature from the slope of Pf'versus logioCTdc at fixed temperatures 
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suggests that conduction occurs by SPH in the non-adiabatic region. By utilizing 
the SPH model of Mott (1968) and Austin and Mott (1969). the Holstein (1959) 
condition and Schnakenberg's (1968) suggestion, it is indeed most likely that trans-
port of electrons in this glassy system occurs by SPH conduction in the non-adiabatic 
regime for temperatures above 6>o/2 (139-208 K, for the present glasses). 
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During the last two decades, semiconducting properties of 
many multicomponent and transition metal oxide (TMO) 
and other metal oxide glasses have been studied because 
of their probable technological applications [1-4] in opti-
cal and electrical memory switches, owgen sensors, etc. 
The high temperature (7 > ^.y/2, Op being the Debye tem-
perature) conductivity data in many of these glasses, fur 
example, V,05-TeO, [5], V,0,-Bi,03 [6], V,0,-P.O, [71-
VjOj-MnO-TeO, [8], V,0,-SnO-TeO: [9], V;05-P;,0=-
Tib, [10], VjGs-CoO-Te'O: [11], etc., were explained by 
using the "small polaron" hopping (SPH) model [12-15] 
based on strong electron-phonon interaction. On the other 
hand, in the low temperature phase (T < Bo/2), a variable-
range hopping (VRH) conduction mechanism [15, 16] with 
2"""'' dependence was used to explain the conductivity 
data. The dielectric constants of these glasses are. in gen-
eral, veiy low and follow Debye-iype dielectric relaxation 
behavior. Another class of semiconducting glasses like CdS 
nanoparticles dispersed in sol-gel derived polymers [17], 
NiO-SiO^ nanocomposites [IS], ZnS nanocrystals stabilized 
in silica [19], etc. have been studied. Recently Itoigawa 
et al. [20] also observed the formation of nanosize silver and 
bismuth particles, respectively, in the Na:.0-B20j-Ag-0 
and NajO-BiOj-BiOj glasses. Lately Sakuri and Yamaki 
[2] reported the presence of such nanocrystal line phases in 
the VjOj-CoG-TeOi glass following multiphonon tuimel-
ing conduction mechanism. In the high temperature range 
(above 6o/2), these glasses also followed the SPH conduc-
tion mechanism but t|-fc VRH mechanism was found to be 
'^ BN': 1-5SS33-059-4./S35.00 
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not strictly followed [2] as these glasses showed extremely 
large values of the density of states (DOS) at the Fermi level 
N{Ef), which is not possible. Similarly, Ag ,0 doped Bi-Sr-
Ca-Cu-0 glasses, precursors for high T^'superconductors, 
also dispersed with nanociystalline silver particles showed a 
high value [21] of N{Ef) estimated from the VRH model. 
But none of these nanocrystal-dispersed glasses are ferro-
electric (FE) or they do not show high dielectric permittiv-
ity. However, some of the TMO glasses containing BaTiO,, 
PbTiOj, TeO;, etc. are found to show FE behavior due to 
the presence of nanociystalline phases. 
The aforementioned ferroelectric behavior in nanocrystals 
of pure FE material like PbTiOj is, however, not new [22]. 
Glass ceramics containing ferroelectric phases have been 
studied for long time to obtain useful dielectric and 
electro-optic properties (23-26). Nanophase materials and 
nanocomposites, characterized by an ultrafine grain size 
(<50 nm), have created high interest in recent years 
by virtue of their unusual mechanical, electrical, optical, 
and magnetic properties. Pure nanocrystalline fcrroeleciric 
PbTiOj studied earlier showed a critical size of the nano-
crystals [27] (different for different systems) at which the 
dielectric constant showed a maximum value. There is, how-
ever, a large difference in the ferroelectric behavior (Curie 
temperature, dielectric constant, polarization, etc.) of the 
bulk and its nanocrystalline counterpart [27]. But still today, 
fcrroelectricity in pure glass has not been di.scovered. Fer-
roelcctricity in liquid crystalline phase has, however, been 
obsei-ved [28]. 
Our major interest in this chapter is to report the synthe-
sis, characterization, and study of transport and other prop-
erties of such FE glass-nanocomposite (hereafter referred 
to as FGNC) materials. It has also been shown how different 
theoretical models are used to explain the electrical trans-
port and dielectric relaxation behavior of these FGNCs. This 
chapter wffl focus' on this new class of materials for further 
theoretical and experimental studies and also find new appli-
cations of the glass-nanocrystal composites showing giant 
dielectric permittivity. 
2. FERROELECTRIC NANOCRYSTAL 
DISPERSED OXIDE GLASSES 
Recently it has been observed that some multicomponent 
oxide glasses [29-39] dispersed with ferroelectric nanocrys-
talline phases are formed for suitable choice of the glass 
compositions .with TiO„ BaTiOj, PbTiOj, SrTiOj, PbZrOj, 
KTiOP04, BijVOjj, Li,Ge,0,j , PbS, etc. Some of these 
nanocrystal-dispersed glasses (referred to as FGNC) are 
found to show ferroelectric or relaxor type ferroelectric 
behavior [29-30-, 40-43]. Figure 1 schematically represents 
the nanocrystals dispersed in the glassy matrix. Some impor-
tant parameters of studied FGNC materials (both opaque 
and transparent) are shown in Table 1 for comparison. 
Many low melting TMO glasses like vanadium phosphate 
glasses (VjOj-PjOs, fo'' example), containing different 
concentrations of TiO;, BaTiOj, PbTiOj etc., have been pre-
pared in recent years, which contain nanocrystalline ferro-
v-'lectric phases embedded in the glass matrix [29, 30]. All 
hese FGNCs are, however, opaque. The alkali metal doped 
Kigurc 1. Schcmalic di:i!;r;im of ;i Ccrroolcciric n.niioconiposito ghiss. 
The dispersed naiiociybials are shown by dark black spots in Ihc gla.ss 
niatrLx. 
Bi-Sr-Ca-Cii-A-0 (A = Li, K, Na) ala.sses are iilso found to 
be ferroelectric for typical concentrations [42, 44]. As men-
tioned, the dielectric constants of these opaque TMO glasses 
are found to be e.xtrcmdy large (more than BaTiOj) [30, 44]. 
Such a giant dielectric constant has also been obtained very 
recently in crystalline CaCujTijO,, oxide [45, 46] and La 
containing PbTiOj [47]. These materials of high Jielectiic 
constant arc very important for their applications in devices. 
However, the origin of such a high dielectric constant is not 
yet clearly elucidated. In the nanoparticle dispersed glassy 
svstcms. the presence of nanocrystalline TiO-. OaTiO.,, 
PbTiO.,, SrTiOj. rbZrO;,, KTiOPO,, Bi.VO,,, LiXicjOi,, 
PbS, etc. phases arc considered to be responsible for giant 
dielectric constant. .As stated, this is a new class of mate-
rial of inmicnse technologic.-il as well as fuiulanicntnl impor-
tance. By var\'ing the gla.ss compositions w: the quenching 
rate, the size as well as the concentration of the FE nano-
particles/cktsters can be varied. 
The amorphous characters in the aforementioned o.\idc 
glasses and FGNCs are, in general, examined by an X-iay 
powder diffraction fXRD) technique. Nevertheless, depend-
ing on the smaller size and concentrations of the embedded 
nanocrystals, XRD is not sufficient to detect the presence of 
the nanocrystals in these glasses and FGNCs. XRD simply 
indicates amorphous character of these systems. Transmis-
sion electron microscopic (TEM) study can clearly reveal the 
presence of nanocrystalline phases in these FGNC materi-
als. Some physical properties (like high dielectric constant) 
also indicate the presence of such nanocrystalline phase in 
some typical TMO glasses. It is also noticed from the TEM 
studies that many of the semiconducting TMO glasses, ear-
lier reported ,to be pure homogeneous glasses, are found 
to contain nanocrystalline particles or clusters of different 
sizes (5-100 nm) and concentrations embedded in the cor-
responding glass niatrices. Using the TEM technique, veiy 
little microstructiiral study of ilie semiconducting glassy sys-
tem was, however, accomplished earlier [6, U] . It is found 
that the size and contcniration of the nanociystals affect the 
transport, optical, and other properties of these ferroelec-
tric nanocrystal-dispersed glasses. This behavior is simila:- to 
that observed in ferroelectric materials, for example, PbTiOj 
where dielectric permittivity and other properties strongly 
depend on the grain sizes [22]. 
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TableinSofhe importahVphyisical parameters of different ferroelectric glass nanocrystal composites. 
Glass tnatrw/FE nanoparticle 
Cluster • 
size (nm) r.(K) T,(K) 
t! at 1 kHz 

























3.5 X W 
3.2 X 10^  










•VOK; r^ , T,, and e' represent, respectively, the gl.iss transition temperature, Curie temperatures, and dielectric conitants. 
It was reported earlier [48] that the TMO glasses pre-
pared with BaTiOs, etc. contain nanocrystalliiie clu.sters and 
these FGNC sajnpJes, ioi exampJe, V205-Bij03 -fxBaTiOj, 
showed giant dielectric constants because of the pres-
ence of nanocrystal/ciusteis of BaTiOj embedded in the 
glass matrix. The transport and dielectric properties of the 
pure host glasses, viz. SOVJOJ-2OP2O5, SOVjOs-lOBijO,, 
80V2Oj-20PbO, etc., where FE nanocrystals are precipi-
tated (hereafter referred to as VP glass) by adding TiO,, 
BaTiOj etc., have been well studied and reported in the lit-
erature [6,7, 49]. Dielectric constants of these VP type base 
glasses arc, on the other hand, VC17 small and none of them 
exhibited ferroelectric behavior as mentioned earlier. The 
TiOj, PbTiO,, BaTiOj, etc. with high melting oxide con-
tent in the VP glasses or similar other mostly binary TiMO 
glasses, in spite of this, show extremely high dielectric con-
stant [48] (compared to the pure base glass, VP, or simi-
lar other TMO glasses). Very little increase of conductivity 
observed in these systems is assigned to the appearance of 
nanocvysialline phases. Interestingly, the general behavior 
of all the ferroelectric FGNC composites, studied so far, is 
found to be similar. 
Another class of nanoctystal-dispersed glasses [35, Z^,; 
for example, KTiOP04 dispersed oxide glasses, is found to 
be transparent. Tlie transparent ferroelectric glass nano-
composites (TFGNCs) are suitable for second harmonic 
geiieration. More about these glass nanocomposites will be 
discussed separately in Section 8. Some of the important 
parameters of these TFGNCs are shown in Table I for 
comparison. 
3. SYNTHESIS 
3,1. Melt Quenching Technique 
The melt quenching technique is widely used to prepare 
glasses and glass-ceramics. It needs higher temperature 
compared to that required for the sol-gel technique, but 
it takes less time. The TiOj, BaTiOj, SrTiO,, PbTiOj, etc. 
doped vanadate glasses (or the VP glasses) or other low 
melting TMO glasses (VP type base glasses), in general, 
can be prepared by a fast quenching method [48, 50]. 
For example, VP glass can be used to prepare a typical 
(80VjO5-20P2Oj) -(- A:TiO, type FGNC with different con-
centrations of TiOj {x = 5.5,5,10,20, and 30 wt% TiO^). 
-Here 8OV2OJ-2OP2O5 (or V? glass) acts as the base glass. 
In brief, V2OJ, NH^HjPOj, and TiO, (or BaTiOj, SrTiOj, 
PbTiOj, etc. can be used), each of purity 99.99% or better. 
were well mixed in appropriate proportions ar.d preheated 
in air at about 500 °C for five hours with (occasional grind-
ing [48, 50J. The preheated mi.xed oxide samples were 
melted in air taking in a platinum ciucible at about UOO 
to 1250 "C (depending on the TiOi, BaTiOj, SrTiOj. etc 
concentrations) for about 30 minutes. The hcniogeneous 
melt was then quickly quenched between two cooleiJ cop-
per or steel blocks resulting in thin (0.6-0.7 mm thick-
ness) pellets of the glassy FGNC samples. Ferroelectiic glass 
nanocomposites in the pseudobinary systems like (100 -
.t)SrB407-.iBt2V05j (0 '< x < 70) were prepared by the 
splat quenching technique [31, 32]. Strontium borate and 
bismuth vanadate were melted in a platinum crucible at 
UOO 'C. The melt was then quenched between nvo fiat stain-
less steel blocks placed at a temperature around 100 °C to 
prevent cracking at the time of glass formation. The pre-
pared glasses were then annealed well below the glass tran-
sition temperature (7^). The Cr'* doped lithium germanatc 
glasses were also obtained [36-38] by similar fast quenching 
of the 12%Li2O-S8%GeO2:0.5%Cr2O3 melt from 1350 °C. 
Subsequent annealing of the glass at different (4S0-520 °C) 
ten^peratures resulted in the precipitation of ferroelectric 
LiiGeyOjs nanocrystals in the glass matrix [36-38]. More 
details about the preparation of some other nanocrystal-
glass composite samples by the melt quenching technique 
are available in the literature [51-53]. 
3.2. Sol-Gel Technique 
The sol-gel technique is one of the most important meth-
ods to prepare glasses and ceramics of uniform grain sizes. 
The advantage of this technique is the mixing of the raw 
materials in the atomic scale during preparation. The dis-
advantage of this technique is that it is time consuming 
and the glass/ceramic may get through unnecessaiy water 
molecules. Glass-<eramics containing micrometer sized lead 
zirconate titanate (PZT) was synthesized by the sol-gel 
method and subsequently nanometer-size lead sulfide (PbS) 
phase was grown by treatment in hydrogen sulphide gas [33, 
34). A typical sol-gel method is as follows. One first needs 
to synthesize a gel of the target composition, viz. 50.5PbO-
25.5Zr02-24Ti02. Here a solution of ethyl alcohol and 
acetic acid in the volume ratio of 75:25 was used. An appro-
priate amount of tetra-isopropyl orthotitanate (C,2H2sO<Ti) 
was added to the solution and stirred for one hour. Subse-
quently, a suitable amount of lead acetate-acetic acid solu-
tion was added and stirred for more than one hour. An 
adequate amount of Zr[0(CH2)3CH3]4 was then added and 
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stirred for ^vo hours. The sol was dried at 70 'C for 72 
hours. Then it was subjected to several heat treatments [33, 
34] to get the crystalline PZT phase in the glass matrix. 
This glass-ceramic was cold pressed and sbtered at 900 'C 
for 2 hours in PbO atmosphere. The sintered pellet was 
polished with alumina powder and reduced in H2S at dif-
ferent temperatures. Nanometer size particles of PbS were 
precipitated in the glass ceramic matrix. The detailed prepa-
ration procedure of transparent glass-nanocomposites, like 
.TKTiOP04(KTP)-(l - .r)Si02, by the sol-gel method has 
been described elsewhere [35, 39]. Multicomponent K^O-
TiOj-PiOj-SiOi glass was prepared by the sol-gel method 
first [35, 39]. When this glass was heated above 650 "C, it 
was transformed into a dense nanocomposite of glass and 
KTP nanoctystals [35, 39]. Preparation of nanocotnposites 
in some other techniques are also found in the literature 
[54-58]. 
4. DENSITY 
The density of the FGNCs is generally measured by using 
the Archimedies method. Concentration dependent density 
of the FGNCs showed nonlinear variation [42]. This is an 
important property of nanociystal-dispersed glasses. .Swce 
both size and concentrations of the nanocrystals depend 
on the compositions and there is also a critical size of the 
nanocrystals above which physical properties change [42] 
abruptly; the density of the FGNC system showed non-
linear variation with concentration. Both density and the 
glass transition temperature (7"^ ) showed little increase with 
increasing TiOz or BaTiOj concentration in these glass-
nanocrystal composites [59J. But the corresponding increase 
of the average iiitersite separation (/?) between two TMO 
(vanadium, for example) ions (V-O-V) with large increase 
of TiOi content (5-30 wt%) was relatively small (about 5%). 
R was calculated from the relation (R = l/N)"^, where N 
is the vanadium ion concentrations. A similar small variation 
of R was also obseived for the BaTiOj containing VjOj-
BijOj-.rSrTiOj glass-nanocrystal composites [29, 41] that 
followed the nonadiabatic hopping conduction mechanism. 
The relationship between the density and the com{)psi-
tion of nanocrystal-dispersed glasses is frequently expressed 
by the effective volume occupied by 1 g. wt of oxygen (K„*). 
The values of V^ can be determined from the theoreti-
cal formula given by Drake et al. [60]. Both density and 
V; change in a similar manner with composition indicating 
that the topology of the glass-nanocrystal composites do not 
change appreciably for higher concentration of SrTiOa (or 
BaTiOj). Variation of density (p) of the (1 - ,ir)(90V2Oj-
lOPiOsJ-t-jrBaTiOj glass-nanocomposites [50] with concen-
trations (x) of BaTiOs is shown in Figure 2. Initially, the 
density decreases with x and then shows a maximum for 
the highest concentration of BaTiG, (Fig. 2). The particle 
diameters of a typical composite also show a nonlinear vari-
ation with the change of concentration of composite compo-
nents [34]. Density of the 20KTP-80SiO2 type FGNC system 
increased with the increase of heat treatment (annealing) 
time and temperature (being 2.34 g/cm' at 850 °C with 0.2% 
porosity) [35]. The density and K,*'values of a typical TiO^ 
containing FGNC for different Ti02 concentrations (along 
330 -
0) 
Q 3.10 — 
2.90 
Figure 1. Variation of density of a typical glassy ferroelectric nano-
composite, viz. (1 - J:)(90V,OJ-10P2O5) -t-.tBaTiO, with concentrations 
(.r) of BaTiOj Reprinted with permission from [50], M. Sadhiikhan 
et al.,/. Cliem. Phys. 105, 11326 (1996). O 1996, American Institute of 
Physics. 
with average size of the precipitated nanopariicles/cluster.s) 
are shown in Table 2. 
5. DIFFERENTIAL THERMAL 
ANALYSIS STUDY 
The glass transition temperature (T )^ is being measured 
from the differential thermal analysis (DTA) curve with 
healing rate 10 °C per minute (say). Figure 3 shows the DT.'X 
traces for typical as-qu'.;nched and heat-treated SOSrBjOy-
50Bi,VOj5 ferroelectric gla.ss nanocomposites [31]. In 
Figure 3a, the first exotherm was attributed to the crys-
tallization of BiiVOs.,. The second exothermic peak was 
associated with the crystallization of BiiiV^Oa and BiV04 
impurity phases. The third peak was attributed to the refor-
mation of BijVOjj due to reaction of BijjVjOij and BiVOj 
impurity phases. The fourth peak was due to the crystal-
lization of the host glass matrix SrBjO,. Ail these findings 
were consistent with the XRD study of the sample [31 J. 
The heat-treated samples did not show the first e.xotherm 
peak as shown in Figure 3b and c. Elaborate DTA study of 
50SrB4O7-50Bi2VOjj glass-nanocomposites has also been 
made [32]. The DTA curve of the (80V2O5-20PbO) -f x wt% 
BaTiOj type glass-nanocomposites showed [30] an increase 
of Tg with the corresponding increase of BaTiOj concen-
tration (.t). DTA traces of several glasses [60-63] indicated 
a clear correlation of Tg with the change of coordination 
number of the network former and the formation of non-
bridging oxygen (NBO) atoms which means a destruction or 
depolymerization 0^ the network structure. Tlie increase of 
T., in general, indicates the increase of coordination number 
of the network former. In contradiction to this, formation 
of NBO causes a decrease of T^ as observed in lead vana-
date glasses [15]. Thus the continuous increase of T^ with 
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Table-2. Certain significant physical structures of a typical ferroelectric glass nanociystal composite system, viz. 
(SpV,O,-20PiO,) glass embedded with x wl% TiOj nanoctystalline paiticles/duslers [64]. 
Values 




































270 ± 5 
278 ± 5 
284 i 5 
298 ± 5 
Note Scelwck coefficients (Q) were obtained from the best fitting of the experimental thermoelectric power data with Eq. (1) 
* Indicates average size of the grains/duters present in the FGNC. 
' Enor in the estimation of density was within ±0.005%. 
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X indicated strengthening of the bond [30]. The difference 
between T^ and crystallization temperature (7^) was less 
than 30 'C and it increased with the increase of x. Accord-
ingly, the stability of the glasses increased with the increase 
of BaTiOj.The values of T, forTiOj containing FGNCs are 
given in Table 2. 
6. SPECTROSCOPIC 
CHARACTERIZATION 
6.1. X-Ray Diffraction 
The amorphous character of all the (80VjOj-20PbO) + 
X wt% T (where T = BaTiOj) type nanocrystal dispersed 
glassy system is demonstrated from the study of XJID 
& 
(a) 690 K (I) 
790 K (II) 980 K (IV) 
400 600 800 
Temperature/K 
1000 
Figure 3. Differential thermal analysis traces for (a) as-quenched, (b) 
447 -C. and (c) 547 'C heat-treated SOSrB^Oj-SOBijVOjj glass nano-
composites. T, and T^ stand, respectively, for glass-transition and crys-
tallization temperatures. Reprinted with permission from [31], N. S. 
Prasad and K. B. R. Varma, /. Mater. Chem. U, 1912 (2001). O 2001, 
The Royal Society of Chemistry. 
patterns (with Cu K„ radiation) as shown in Figure 4a 
and b [30]. No crystalline peak was seen from tiie XRD 
patterns of this system. The corresponding annealed sam-
ples, however, showed the presence of BaTiOs as demon-
strated in Figure 4c tmd d. The naTiocrystals precipitated 
in these glasses (referred to as VPTI glasses) during glass 
formation are mostly BaTiOj or TiOj as indicated from 
the XRD patterns of the corresponding glass-ceramic sam-
ples obtained by annealing the as-quenched glass samples 
at 300 °C for a few hours in air (Fig. 4c and d). The very 
large dielectric permittivity of these multicomponent glasses 
compared to that of the base glasses V.,Oj-PbO or many 
other TMO glasses [12, 43, 4S] also confirmed the presence 
of nanoctystalline BaTiOs or TiO, in the glass matrix. This 
result supported the earlier obsei'vation [48] that the dielec-
tric constant of nanoctystalline TiOj or BaTiOj was much 
higher than that of bulk TiO^ or BaTiOj. The infrared (IR) 








Figure 4. X-ray dififraction pattern' of the as-quenched (80V,0,-
20PbO) + X wt% BaTiOj glassy nanocomposite for (a) J: = 15 and (b) 
J: = 30 \vt%. XRD of (|he corresponding annealed samples (annealed at 
300 'C for 9 h) for (c) ;t = 15 and (d) x = 30 wt% with some of the iden-
tified crystalline peaks: PbVjOj(«), PbTiOj (o). PbVjO, (•), BaTiOj 
(A), and TiO:(A). Reprinted with permission from [30], M. Sadhukhan 
et al., /. Appi Phys. 85, 3477 (1999). © 1999, American Institute of 
Physics. 
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features [30, 43] as will be discussed. The observed fine 
Bi^VOsj crystallites present in the SrB407 glass matrix were 
also confirmed by XRD studies [31, 32). Systematic XRD 
studies corroborated the crystallization of BijVOsj phase 
along with minor impurity phases like Bii^ViOis and BiVO^, 
depending on the temperature range of heating of the as-
quenched samples [31,32]. The XRD spectra well confirmed 
the presence of PZT crystals embedded in the glass matrix 
and the diffraction lines corresponding to PbS phase were 
broadened due to the small size of these crystallites [34]. 
6.2. Scanning Electron Microscopy 
Tlie scanning electron microscopic (SEM) study of the nano-
crystal dispersed glassy composite gives clear evidence of 
the presence of crystallites in the glass matrix. The glassy 
character of the as-quenched FGNC samples was confirmed 
by SEM study as shown in Figure 5a and b for the two 
samples (80VjOj-20PbO) + x wt% A (where A = BaTiOj, 
etc.) with .r = 15 and 30 wt% respectively [30]. The SEM 
micrographs of a typical sample (with x = 30 wt9&) annealed 
at two different temperatures (290 and 300 °C) are shown, 
respectively, in Figure 5c and d. It is concluded from the 
SEM photographs (Fig. 5) that no crystallite was present 
before annealing the glasses. The presence of nanociystals 
was, however, observed in the corresponding annealed sam-
ples consistent with the XRD pattern (Fig. 4). Tlie SEM 
micrographs of ferroelectric PZT in glass-nanociystal com-
posite samples also showed identical results [34]. 
6.3. Transmission Electron Microscopy 
Tran.smission electron microscopy is very important for the 
microstructural study of nanocomposites. The TEM stud-
ies of fine glass powder are made on carbon grids [21], 
which clearly reports the presence of nanocrystalline 
particles/clusters present in all the annealed glasses [48, 50]. 
The nanocrystals of TiOz or BaTiOs are formed in the glass 
matrices because of the large difference be^veen the melt-
ing point of TiOj or BaTiOj than those of the base glasses 
(VP glasses). TEM indicated the presence of nanocrystalline 
BaTi03 or TiOi particles/clusters in these glasses (with maxi-
mum graiacluster sizes varying from 5 to 80 nm with change 
of BaTiO;, TiO,, etc. content from 5 to 30 wt%). For lower 
concentraiion (.r = 5-10 wt%), the size as well as concen-
tration of the nanoparticles was very low. Tlie TEM micro-
graphs of (S0V,Oj-20PbO) + 30 wt% BaTiOj glass and 
the corresponding glass ceramic (annealed at 300 °C for 
9 h) samples are shown, respectively, in Figure 6a .ind b. 
The selective area electron diffraction (SAED) pattern of 
the same glass and glass ceramics sample are shown cor-
respondingly in Figure 6c and d. The TEM as well as 
the SAED patterns of the glass showed their amorphous 
nature (Fig. 6a and c) and those of the glass ceramic sam-
ple (Fig. 6b and d) indicated the distributed nanocrystalline 
particles/clusters in the glass matrix. These findings were 
in agreement with the XRD and SEM patterns of these 
samples [30j. Similar nanocrystalline particles were also 
observed in the ViOj-CoO-TeO, glasses [11] and also in 
the (Bi3Pb..)Sr3Ca/_„,(M,„)0, glas'ses [44, 64] with M = Li, 
K, Cr, Mr., Zn, Ti, Ag. Prasad and Varnia [31] found the 
presence of BijVOs.s crystallites in SrBjOy glass matrix by 
TEM and S.AED study. Li et al. [35] also located the pres-
ence of KT? nanocrystals in SiO, transparent glass Katri.x. 
6.4. Infrared Characterization 
Tl^ e IR spectra of the ferroelectric nanocrystals dispersed 
oxide glasses are generally studied in KDr matrix. Figure 7 
shows the IR spectra of the (SOV^Os-ZOPbO) + x wt% 
Figure S. Scanning electron micrographs of the (S0VjOj-20PbO) + 
X m% BaTiOj glasses for (a) a: = 10 and (b) JT = 30 m% and those of 
the glass ceramics with j = 30 wt% annealed at different temperatures: 
(c) 290 -C and (d) 300 'C for 9 h each. Reprinted with permission 
from [30], M. Sadhukhan et al., / Appl. Phys. 85, 3477 (1999). © 1999, 
American Institute of Physics. 
Figures. Tunneling electron micrographs of the (S0V,Oj-20PbO) + 
X wt% BaTiO, glass-nanocomposite with jr = 30 wt% (a) and the corre-
sponding glass ceramic s^ample (obtained by annealed at 300 'C for 9 h) 
(b). The selective area electron diffraction pattern of the same glass (c) 
and the corresponding glass ceramic sample (d). Reprinted with per-
mission from [30], M. Sadhukhan et al., J. Appl. Phys. 8.1, 3477 (1999). 
© 1999, American Institute of Phvsics. 
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Figure?. Infrared absoqpiion spectra of (a) pure BaTiO;, and 
(80ViOj-20PbO) + X wt% BaTiOj glass-nanocomposites, respectively, 
for J = 10 (b), 15 (c), 20 (d), and 30 (e) wt% of BaTiOj. Reprinted 
with permission from [30], M. Sadhukhan et al., J. Appl. Phys. 85, 3477 
(1999). O 1999, American Institute of Physics. 
BaTiOj (.r = 10,15,20, and 30) glaiS-nanocomposites along 
vvitli the pure BaTiOj. Tiie cliaracteristic features of tlie. IR 
spectra of all the glasses were found to be identical. The 
vibrational frequencies corresponding to the PbjVjOT and 
PbjVjOj structural units as reported for the lead vanadate 
glasses [65, 66] are not clearly observed from the IR spec-
tra of these (80V2O5-20PbO) + x wt% BaTiOj glasses [30]. 
Sadhukhan et al. [30] found a water band around 3400 cm"' 
and an -OH stretching peak at 2920 cm"' in all the glasses 
and crystalline BaTiOs due to the hygroscopic nature of 
the powder sample [67, 68]. In all the glass composites, sig-
natures of the bonds and peaks of BaTiOj were not well 
visualized. However, instead of a band around 1500 cm"' 
present in crystalline BaTiOj, a new baijd around 1600 cm"' 
was present in all the glasses. This might be due to the 
glassy environment of BaTiO, nanoparticles. The character-
istic phonon frequency (i^ p^ ) estimated from the IR spectra 
was of the order of 10" Hz corresponding to an IR band 
around 1000 and 1600 cm"' for different glasses. This value 
of the phonon frequency agreed with that obtained from the 
conductivity data [30] of the sample. 
7. PROPERTIES 
7.1, Thermal Properties 
and Thermoelectric Power 
The study of thermal property of glassy materials is diffi-
cult due to the higher thermal resistivity of the materials. 
However, that of glass-ceramics becomes much easier due 
to the crystalline nature of the glass-ceramics. The Seebeck 
coefficient (Q) of the FGNC sample is higher than that of 
the pure base glass as it contains crystalline nanoparticles 
of relatively higher conductivity [29, 41]. The Q values of 
FGNCs are determined by measuring the thermoelectric 
power (TEP) of the samples with a temperature differ-
ence around ~8 K beUveen the Uvo electrodes [29, 41]. For 
TEP measurements, samples of higher thickness (~1 mm or 
more) were generally used. All the FGNC systems shosvcd 
negative values of tiicrmoclectric power between 300 and 
450 K. Table 2 shows the Q values of a typical TiO, contain-
ing FGNC system indicating it as an n-type semiconductor. 
Like many ternary vanadate glasses [49, 69-73], no appre-
ciable temperature dependence of the TEP was obser%'ed 
between 300 and 400 K for the FGNCs. However, the mag-
nitude of Q decreased with an increase in TiO, or BaTiOj, 
etc. concentrations in the FGNCs (that is, with increase of 
grain size and their concentration.s). The Q values were fit-
ted with Heike's formula [73], viz. 
2 = ^BMln{C/(l-C)} + r7] (1) 
where e is the electronic charge and 77 is a constant of pro-
portionahty between the heat transfer and the kinetic energy 
of carrier. Values of TJ < 1 indicated a small polaron hop-
ping transport mechanism [5,29, 72-77] while for TJ > 2, the 
conduction was due to large polaron hopping [15, 60]. Equa-
tion (1) implies no temperature dependence of O. Though it 
was reported earlier that the values of Seebeck coefficients 
of the glasses followed [5, 72-74] Heike's law, this model 
was also found to be applicable to FGNCs and the esti-
mated values of 17 were almost constant and less than one 
(Table 2) indicating the validity of the small polaron hopping 
conduction mechanism in these FGNCs. Similar values ot 
7j (=0.44-0.98 depending on the concentrations) were also 
reported in other multicomponent vanadate glasses [49, 70] 
dispersed with nanocrystals. Interestingly, the values of 77 for 
these FGNCs were also positive and <1. For many TMO 
glasses TJ values are large and negative [42, 44]. 
7.2. Electrical Conductivity 
7.2.1. dc Conductivity 
For the temperature dependent dc conductivity (cr^ j) mea-
surement, the thin pellets of the composites (diameters 
~8 mm and thickness 0.3-0.4 mm) are generally used. 
The two polished faces of the pellets are gold plated by 
sputtering. Interestingly, like density, concentration depen-
dent conductivity of the FGNC also showed an anomaly 
(change of slope) around the same concentration where den-
sity illustrated an anomaly between 5 and 10 wt% TiOi as 
shown in Figure 8 for typical 8OV2O5-2OP2OJ + JfTiO, glass-
nanocomposites [64]. The dielectric constant of the same 
sample (discussed in a separate sectio.^ ) also decreased for 
TiOi content higher than 5 wt% as shown in Figure 8 for 
0.1 kHz. This indicates that the dielectric constant is smaller 
(or larger) for the FGNC with grain/cluster size greater (or 
smaller) than a critical size (between 5 and 10 nm) [64]. 
This new result also supported the outcome of Zhang and 
co-workers [78]. It was shown by Wang et al. [22] that 
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Figure 8. TiO, conceniralion (.t) dependent logarithmic dc conductiv-
ity (log t/'j.) i>f the (80VjOj-20P,Oj) + i-TIO, glass-nanoctystal com-
posite at a fixed temperature (300 K). Tlie dielectric constant (e') at 
two different frequencies (0.1 and 1 kHz) and at a fixed temperature 
(300 K) of the same glass-nanocomposite. Reprinted with permission 
from [64], D. K. Modak et al., Sol. State Phys. 43. 368 (2000). 
dielectric constant of nanocrystalline ferroelectric PbTiOs 
was maximum. Most of the FGNC systems also behave in a 
similar way. 
Thermal variations of the dc electrical conductivity (wjc) 
of the ferroelectric nanopartide dispersed glassy system 
have been shown by different groups [29, 30, 50]. The loga-
rithm of the dc conductivity (log a^) vs 10 /^2" curve (Fig. 9) 
for a typical FGNC (SOVjOj-lOPbO -I-.r wi% BaTiOj with 
I = 10-30) indicated a change of slope around do/2 (Debyc 
temperature 80 being different for different samples) [30] 
All the other FGNCs also showed an analogous nature 
of variation of conductivity with change of temperature. 
As mentioned, density increased with increasing TiO, or 
BaTiOj concentration (x) exhibiting a break around \. = 
5 wt% (Fig. 2) which was also reflected in the dc conductivity 
vs TiOj concentration (.r) curves shown earlier (Fig. 8). For 
lower concentrations (.r < 10 wt%), (T-^C at a fixed tempera-
ture (300 K) increased slowly with increase of TiOj content 
in the FGNC (Fig. 8). This behavior was in sharp contrast 
to those of other pure vanadate glasses (base glasses), tor 
e,xample, VjOj-MnOi-TeOj [8] and VjOj-CoO-TeOj [U], 
where a decrease in conductivity with increase of the sec-
ond transition metal ion, viz. Mn or (To ions, was observed. 
The increase of <T^ in these VPTI type FGNCs with increas-
ing Ti02 content (say) was comparatively very small [6] 
(the values of log <r^ at room temperature are -5.90, -5.5, 
-5.35, and -5.20 ohm"* cm"', "respectively, for 5, 10, 20, 
and 30 v/i% Ti02). The corresponding increase of R (from 
0.498 to 0.526 nm for x = 5-30 wt% TiOj) was also little. 
As the V ion concentration in all the glasses was fixed 
(since the glass composition 8OV2O5-2OP2OJ or SOVjOj-
20PbO was fixed for all the VPTI type FGNCs), this small 
increase of conductivity was not supposed to be due to 
an increase of V ion concentration. Again, little increase 
in the estimated values of average intersite separation R 
(separation between the transition metal ions) -vith increa:)-
mg T'O, concentration in the VPTI type FGNC idmplcs 
Figure 9. The log.irilhinic dt conduclivuy (log(7,|^ i .1? a function ut 
inverse temperature ( lOvr)of the (SaV,6,-20PbO) + v M"o BaFiO 
glasi-nanocompositcs with (a) r = 10 ( • ) , 20 (o). (b) 15 ( • ) , aiaf 
30 wt% (o) The labels on the top t a.Nis give temper.ilurc (Tj 
Reprinted v-itli permission from [30], M Sadluikhan ct al, y A/ipl PIIM 
85, 3477 (1999) O 1999, American Institute of Physics 
should rather cause a decrease of conductivity The i.oi-
respondmg decrease of activation energy (IV) and hence 
the obsei-ved .small increabe of conductivity with IIKILMSC ot 
T1O2 (for example) content was, therefoie, considered to 
be due to the presence of precipitated nanocrystalline par-
ticles/clusters uniformly dispersed in the glass-nanocrystal 
composites. This conclusion was also supported from the 
results of earlier observation [73] that the conductivity in 
nanocrystalline phase increased in glasses and in ceramic 
semiconductors while it decreased in the metallic systems. 
This is an interesting property of the nanocrystalline grains 
No theoretical model has yet been developed explaining 
this increase of conductivity in tne glassy system with the 
appearance of nanocrystalline phase. Therefore, dc conduc-
tivity of the FGNCii is not solely due to the hopping between 
the TMO ions. Inffact, the precipitated nanocluiters also 
contribute to the total conductivity. The magnitude ot this 
contribution also depends on the size and concentration of 
the nanoclusters as in other FGNCs. With increase ot 1 lO^ 
content Cfrom t = 5 to 30 wt^) in the FGNC system, like 
S0V,O5-20P;Os -f- rTiOa FGNCs, the rise of condui-tivity 
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was quite sharp between 5 and 10 wt% TiOi (where nario-
particle size varying between 5 and 20 nm) and for the val-
ues of X between 10 to 30 wt% (maximum grain/cluster size 
varying from 20 to 80 nm), the corresponding rise in con-
ductivity with concentration was slow (Fig. 8). These two 
regions of conductivity are separated by an anomaly (charige 
of slope) occurring between .t = 5 and 10 wt% TiOj (Fig. 8). 
Similar types of concentration {x) dependent anomalies '" 
the conductivity and other properties, above a particular (or 
critical) size and concentration of the nanoparticles, were 
also present in many other nontransition metal semicon-
ducting oxide glasses. The importance of the contribution 
of such nanoclusters in the transport and other properties of 
glasses is, in general, overlooked as the overall behavior of 
the nanocrystal dispersed glasses and pure nanocrystal free 
glasses appears identical. 
Tlie relation between logtrd^ and inverse temperature 
(T"') is almost linear (Fig. 9) indicating the temper-
ature dependent activation energy (}V). This behavior 
of dc conductivity was described by the relation cr^ = 
i<TjT) axp{-W/kgT), where (r^  is the pre-exponential (ac-
tor. The values of K^ were obtained from the plot of log <^uc 
vs lOOO/r (Fig. 9). At temperatures lower than do/l, the 
linearity in the logcTjj vs T"' curve deviated as seen fi'om 
Figure 9. Similar thermal variation of dc conductivity {(Tie) 
was also cxliibited in VjOj-PiOj [79] and many other 
TMO glasses [4, 69, 70] and followed a polaron hopping 
conduction mechanism. The high temperature (T > 6^/2) 
conductivity data of the VPTI type FGNCs thick pellets 
were interpreted in terms of the phonon-assisted hopping 
model given by (15) 
o-^ = ((rJT)cKp{-iV/k„T) (2) 
where W = W„ + Wo/2 (for T > 60/2), W = W„ + Wo/^ 
(for T < 5o/4), and 
tr^  = v^Ne'R^C(l - C)cxp{-2aR)/ks (3) 
I'pi is the optical phonon frequency (~10" Hz), a is the 
decay constant of the localized wave function, W„ isythe 
polaron hopping energy, W^ is the disorder energy, and 
other parameters have usual meanings as mentioned ear-
lier. The importance of the tunneling term exp(-2ai?) in 
Eq. (3) for the FGNCs could be understood [79] by plotting 
log a^ against PK at a chosen temperature for all the VPTI 
type FGNCs. The temperature T, (say), estimated from the 
slope of such.a'plot.'would be close to the experimental tem-
perature when• the. hopping is considered in the adiabatic 
regime [5,79]. On the other hand, T, would be very different 
from the experimental temperature when the hopping is 
considered in the nonadiabatic regime. The FGNC system 
was found to follow a nonadiabatic hopping conduction 
mechanism [64]. It is interesting to mention that Sayer and 
Mansingh [79] reported an adiabatic hopping conduction 
mechanism for the TiOj free base glass 80V,O5-20P2Oj. 
Therefore, a change of conduction mechanism occurred in 
the TiOj containing VPTI air quenched FGNCs. It is, how-
ever, rather difficult to uniquely identify the type of small 
polaron hopping conduction mechanism, adiabatic or non-
adiabatic, only if the temperature dependence of conductiv-
ity is used, because a hopping process of nonadiabatic small 
polarons requires several restrictions on the electron tians>-
fer integral between neigliboring hopping sites. So we have 
also attempted to confirm the nature of hopping conduction 
using other theoretical methods discussed later. 
Dc conductivity data of FGNCs were well fitted with 
Eq. (2) above 6/2. The estimated phonon frequencies 
agreed well with those estimated from the infrared spectra 
as mentioned (shown in Table 3). The polaron radius r^ was 
estimated from the formula [75], viz. 
r, = (l/2)(7r/6A/)'/^ (4) 
Tlie estimated values of r^ (~0.2 A) suggested strong local-
ization in these FGNCs. The polaron hopping encigy IV„ 
was calculated from the relation [10] 
W„ = e'-/4eJl/r. - 1/R) (5) 
where 1/s^ {=l/ea — l/€,,e, and e„ arc the static and 
high frequency dielectric constants of the FGNCs, respec-
tively). W^ can be calculated from Eqs. (4) and (5) under 
the approximation £. = €„ = n^, where n is the refrac-
tive index of the FGNC. The values of W„ were obtained 
from fitting of the conductivity data with Schnakenberg's 
model [76] [Eq. (6)] and were found to be of the order 
of ~0.53, 0.42, 0.35, and 0.26 eV, respectively, for TiOj = 
5, 10, 20, and 30 wt% in VPTI glass-nanocomposites [72]. 
These values of W^ were then used to estimate e, (=2.047, 
2.486,2.847,3.932, respectively, for 5, 10, 20, and 30 wt% 
TiOj in VPTI glass-nanocomposites) [72]. The polaron bind-
ing energy {W^,) can be obtained from the formula [24] 
W^ = er/Si,ri,. The calculated values of W^ are shown in 
Table 3. Using the values of e^, the calculated values of 
Table 3. Selected valuable parameters of the "nO; nanocrystals dispersed (8OV3OJ-2OP2O5) + .vTiOj FGNCs [64] (FGNC in Table 2) obtained by 
the fitting of their high and low temperature dc conductivity data. 
Values 







625 ± 2 
583 ± 2 






.>,, X 10'^ (Hz) ' 
IK" (cV) 



















0 1 5 ± 0 0 1 
0 1 3 ± 0 01 
0 10 i 0.01 
O l S i O l 
• Values of v^ are obtained from ihe fitting of the high temperature conductivity data wiih Eq (2) and the correipooding values ivithjn the parc.iihesis are obtained 
from the infrared spectra of the samples with KBr. , v j 
' '•'. II^H. If,. >nd IVo stand, respectively, for activation energy, polaron hopping energy, polaron binding energy, and disorder energy 
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refractive index (n) agree quite well with those determined 
from the Berwster angles [64]. The values of polaron bind-
ing energy W^, (Table 3) were found to decrease a little 
with increase of TiOi concentration (or with increase of 
nanocrystalline grain/cluster size) in the FGNCs. The dis-
order energy PK^  can be estimated independently from the 
generalized polaron hopping model of Schnakenberg [72], 
In this model, optical multiphonon and acoustical single-
phonon processes determine the conductivity in the high 
temperature region. According to this model, the expression 
for the dc conductivity can be written as 
a^T^ sin hihf^.py- exp[4W„/lii>f^ tan h{hv^,P/4)] 
xcx-p(-M'oW (6) 
where p = i/kgT. Equation (6) is fitted to the experimen-
tal high temperature dc conductivity data by a least squares 
method. The values of the parameters W„ and Wp obtained 
from fitting the dc conductivity data with Eq. (6) are shown 
in Table 3. These values of W^ and Wp appeared to be 
a little higher than those of many other vanadate glasses 
referred in this chapter. This is considered to be due to the 
presence of dispersed nanocrystalline phases in the FGNCs. 
Precipitation of this phase caused some modifications of the 
glass network structure and hence some changes in the val-
ues of W„ and Wp (compared to those of the base glass 
without TiO;) were observed. According to Eq. (2), the dif-
ference existing be^veen W and W„ (Table 3) arose from 
the disordering energy term (.IVo/^)- "This discrepancy had 
been explained as the effect of the partial charge of the 
cations of the glass forming oxides on activation energy for 
hopping conduction in transition metal oxides [4]. 
It has already been mentioned that Eq. (2) can only fit the 
high temperature (above d[)/2) dc conductivity data. For the 
low temperature regime (7" < 0^/2) where the polaron bind-
ing energy is smaller (15, 16], Wj^  was explained, as usual, 
by the VRH models of Mott and Davis [15]. The expression 
for the conductivity in the three-dimensional VRH model is 
given by 
cr^  = .4exp[-(5/r)"1 ;• (7) 
where A and B are constants, B = WAa'/kgNiEf) with the 
A/(£f) as the density of states at the Fermi level. Figure 10 
shows the plot of logo-jc against T"-"^  for (1 - x)(90V,O3-
lOPzOj) -I- -rBaTiOj FGNCs. These curves indicate straight-
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Figure 10. Plot of the logarithm of dc conductivity (log cr^) as a func-
tion of T"''* for different concentrations x = 0.9 (a) and x = 0.3 (b) of 
BaTiOj in (1 - .ic)(90V,Os-l0P2O5) + .tBaTiOj glass nanocomposites. 
Reprinted with permission from [50], M. Sadhukhan et a!., 7. C/iein. 
Phys. 105, 11326 (1996). O 1996, American Institute of Physics. 
N{Ef) were estimated from the best fitting of Eq. (7). The 
estimated values of N(Ef) are shown in Table 4 for a tvpi-
cal FGNC (SOVjOs-aOPjO^-f-rTiOj) [64]. Knowing N(Ey) 
and other parameters, the nature of hopping conduction 
(adiabatic or nonadiabatic) can also be decided from the 
theory of Emin and Hilstein [74]. According to this theoiy, 
the hopping conduction mechanism is adiabalic for 7 > 9 
and nonadiabatic for 7 < 9 where 
<P = {2ksTW„/7ry'\hi'^Jn) («) 
J is the polaron bandwidth related to the electron wave 
function overlap on the adjacent sites. For the present VPTI 
type glassy-nanocomposite system, the limiting values of o 
estimated from the right hand side of Eq. (S) are 4.12 x 
10--, 3.78 X 10--, 3.49 X lO"', and 3.54 .-< lO"' eV, respec-
tively, with 5, 10, 20, and 30 wt% TiO.. The values of J 
were also estimated independently from the relation [15] 
J = e'[N{EF)/e],y'-. Using the values of N{E^) and s,, 
one finds / = 1.89 x 10-^ 4.24 x 10-\ 3.66 x 10-\ and 
2.99 X 10-^ eV for the VPTI type FGNCs with x = 5, 10, 
20, and 30 wt% Ti02, respectively. Comparing the estimated 
values of / and <p, it "S observed that / is about one order 
of magnitude less than that of ip for all the glass compo-
sitions. This indicates nonadiabatic hopping conduction in 
all the VPTI type FGNCs, which is in agreement with the 
results obtained earlier from the plot of log cr^ ^ vs activa-
tion energy (W) curves [64]. So the TiO, containing VPTI 
Table 4. Various model parameters obtained from the best fitting of the ac and dc conductivity data 
of the nanopanicle dispersed (80V,Oj-20P,Oj) -1- .tTiOj (FGNC) [64] sample with different TiO, 
concentrations (.v). 
Values 
















2,65 X 10" (7.26 X 10") 
1.01 X 10" (2.46 X LO") 
1.04 X 10" (3.06 X I'o") 
1.82 X 10" (5.04 X 10") 
E.tponent (s) 





' IKj/o stands lor polaron hopping energy between iwo sites al an infinite distance. 
' Values of iV(£f) were obiained from the filling of ihe dc conductivity data wiih the VRH model (Eq. (7)), 
The corresponding values wiihin ihe brackets are obtained from the ic conduciiviiy daia of ihese FGNCs. 
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type FGNCs followed the nonadiabatic hopping conduc-
tion mechanism. A similar nonadiabatic hopping conduction 
mechanism was also reported for the BaTiOj doped V^Oj-
Bi,0, FGNCs [29, 41, 50] 
Attempts were made to fit the conductivity data of these 
nanoparticle dispersed glasses (FGNCs) with the percola-
tion theoretical model of Triberis and Friedman [77] who 
applied percolation theory to the small polaron hopping 
regime. Considering correlation due to energy of a com-
mon site in a percolation cluster, they [77] obtained a^^ = 
<e.xp[-(7;;/r)"^], where a', and Tj(= Ca'/kgNJ are 
constant. N^ is the constant DOS in the mobility gap, and 
the constant C has two values, 12.5 and 17.8, in the high 
and low temperature regimes, respectively. It may further 
be noted that this equation is similar to that of Mott's VRH 
model [Eq. (7)] with slightly different values of the constant 
rj. In Figure 10, two different slopes (high and low temper-
ature.s) are not clearly observed in the logtr^ vs T~^'' plot 
for the FGNC system. The difference between the low and 
high temperature slopes might, however, be larger at higher 
temperatures beyond the range of measurements. So it was 
concluded that the percolation theory of Triberis and Fried-
man [77] was not suitable for application to these FGNCs 
in the measured temperature range. 
An estimation of the small polaron coupling constant 
ifp)' which is a measure of the electron-phonon interaction 
in the VPTI type nanocrystal dispersed glasses, was made 
from the relation [12] y^ = W^/hVp^,. Using the value of 
W^'H from Table 3. the authors [64] calcui.ited y^  which var-
ied from 25.25 to 12.44 for different VPll type FGNCs. 
These values of y^  were much larger compared to those 
of BaTiOj-free VjOj-Bi^Oj glasse's [60] or other TMO 
glasses where y., varied from 4 to 9. Such high values of 
y, were aLso obtamed by Sega et al. [9] for the multicom-
poneiit V,Oj-NiO-TeOi (y^ = 19-23) and VjOj-MnO-
TeOj ( y / = 21-25) FGNCs of different concentrations. 
Ail these FGNCs, in addition, followed the nonadiabatic 
small polaron hopping conduction mechanism...According 
to Austin and Mott [12], higher values of y^, (>4) indi-
cate a strong electron-lattice (phonon) coupling. So it was 
found that the electron-lattice interaction decreased with 
the increase of TiO, content in the VPTI type FGNCs. The 
decrease of y^  with decreasing TiOj concentrations indi-
^ cated a decrease of electron-phonon interaction with an 
increase of concentration and size of the nanoclusters. Con-
sidering the diffusion of electrons in small polaron hopping, 
the hopping carrier mobility [75, 77] was estimated from 
the relation fi = iTreR^p/hiirP/AWHy^J^expi-WP) (for 
nonadiabatic hopping). Using the aforementioned values of 
R and W^, the values of fi estimated at 300 K are 4.24 x 
10-', 5.17 X 10-', 5.33 X 10"*, and 2.26 x W cm-^ V"' s-\ 
respectively, for x = 5,10,20, and 30 wt% TiOj FGNCs. 
These values of /x were comparable to those of other 
multicomponent vanadate glasses, viz. V20j-Bi2O3-SrTiO3 
[29], VjOj-SbjOj-TeOj [70], etc. The observed increase in 
mobility with concentration (x) was again attributed to the 
change of nanocrystalline grain sizes with increase of TiOj 
content in the VPTI type FGNCs. The localization condi-
tion for hopping electrons, viz. /M « 0.01 cm-^V-'s"' [80], 
was satisfied for the VPTI type FGNCs. Tliis result indi-
cates that electrons in these FGNCs are localized mainly 
at the V ion site which is similar to that observed in the 
VjOj-SbjOj-TeO^ type of FGNCs [70]. Therefore, conduc-
tion in these glassy systems was primarily due to a polaron-
hopping mechanism between the vanadium ions of different 
valence states though the authors [64] considered there to 
be little increase of conductivity due to the precipitation on 
nanocrystalline particles. The carrier concentrations N^ cal-
culated from the relation [49, 70] cr^ = eN^fJi. were 5.56 x 
10^'. 1.14 X 10 -^. 1.57 X 10^', and 5.24 x 10" eV"' for the 
VPBT type FGNCs, respectively, with TiOj concentration 
of 5, 10, 20, and 30 wt%. Concentration (x) depe.^dent N, 
showed little discontinuity (increase and then decrease with 
increasing x) around A: = 10 wt% which might also be due 
to the phase separation in the FGNCs. 
7.2.2. Ac Conductivity 
For the frequency and temperature dependent dielectric 
constants (e) and ac conductivity [io'^ci'^))] measurements, 
the two polished faces of each of the samples (thickness 
0.25-0.30 mm) were gold plated by sputtering and then 
annealed at about 150 °C for half an hour before conductiv-
ity measurement. This was done for better electrical contact 
with the sample surface. Conductivity measurements were 
made in the ohmic region as determined from the study of 
current-voltage (I-V) method. 
It is well known that the frequency dependent ac conduc-
tivity data of amorphous or powdered semiconductors follow 
the relation [13, 14] 
(7^{0J) = Auj'' i'M) 
where A is a constant weakly dependent on tenipeiature and 
s is the frequency exponent, generally less than unity. The 
ac conductivity was calculated from the total conductivity 
cr,(^w) measured at frequency a> and at a fixed tempeiature. 
Both dc conductivity {tx^^) and total conductivity, o',(w), are 
measured independently and then ac conductivit)' [(i^^(uj)] 
is estimated from the relation [13-14] 
CT-,(£u) = o-j, -I- cr,,(&;) (9b) 
In the glassy FGNC system, the ac and dc conductiv-
ities arise due to completely different processes [81]. In 
other words, ac conductivity represents the dc conductiv-
ity in the limit [81] w ->• 0. Ajialyses of the ac conductivity 
[cr„(w) = cr,(a;) - <r^] data of the semiconducting TMO 
glasses are generally made in the framework of quantum 
mechanical tunneling (QMT) [82], correlated barrier hop-
ping (CBH) [12], and overlapping large polaron tunneling 
(OLPT) [83] models. In the following section, the tempera-
ture dependent ac conductivity data and the frequency e.xpo-
nent (s) of the nanoparticle dispersed glasses have been 
analyzed in terms of the OLPT model which is found to 
be the most appropriate for these nanocrystal-glass com-
posite systems. Loftg [82] proposed the polaron tunneling 
model where the potential wells of two sites overlap thereby 
reducing the value of polaron hopping energy [84, 85] due 
to the long-range nature of the dominant Coulomb interac-
tion. The polaron hopping energy has the form [81] W,, = 
^^iioi^ ~ ''pl^^ where W^JQ is the polaron hopping benveen 
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two sites at infinite distance. Tlie ac conductivity for tlie 
OLPT model [83] is given by . 
-4.0 
(10) 
where /?„ = (l/2a)[ln(l/ln(ajT))] is the optimum hopping 
length at a frequency w calculated by the quadratic equa-
tion K'j + [pW„„ + ln(wT,)]^'„ -pW„or;^ = 0 (where «;„ = 
2aR^, /•'^  = 2ar^, and /3 = l/kgT). The frequency exponent 
(s) of (7-3j(w) in this model is calculated from the relation 
5 = 1 - (4 + 6pW„or;/R'J/{l + pW„or',/R'J'/R'. (H) 
Thus, the OLPT model [Eq. (11)] predicts that the expo-
nent(s) [in Eq. (9a)] should be both temperature and fre-
quency dependent. 
At high temperatures (above 0o/2), the temperature 
dependence of both trj^  and c7,(a;) were strong and con-
sequently the measured (r„{ui), at all frequencies, coin-
cided with <7j^ . in the high temperature region. Figure II 
represents the plots of logcT-^ .^ of a typical glass nano-
composite [50] as a function of inverse temperature and 
frequency, viz. log w. The solid lines are obtained by a least-
square fitting procedure. It is evident that y.,j(w) obeys 
the universal relation tr^(u]) = Au^, suggesting that the 
loss mechanism should have a distribution of relaxation 
times. The plots of exponents s (calculated from the slopes 
of the curves) as a function of temperature are shown in 
Figure 12 (for two typical FGNC samples with x = 10 and 
20 wt%) which indicated that the exponent {s) decreased 
with increasing temperature and then exhibited a minimum 
at a temperature around 300 K and subsequently increased. 
This typical behavior of s suggested that the OLPT model 
[Eq. (11)] was appropriate for these FGNC systems. In the 
intermediate temperature range (i.e., below 300 K), the val-
ues of s resided around the theoretical curves (solid lines 
in Fig. 12) for various values of the normalized polaron 
radius r^  (shown in Table 4). In the high-temperature regime 
(above 300 K), an increase in .v with increasing temperature 
was observed which was consistent with the behavior of- the 
OLPT model. The best fit to the experimental points has 
been observed for the values of WHQ and r'^ as shown in 
Tlible 4. Both ty„o and s decrease with increasing TiO, con-
tent in the VPTI type FGNCs (i.e., with increase of nano-
crystal size and concentration). 
Ac conductivity of the FGNC system increased linearly 
with increasing temperature [i.e., a;,^(<i))aT" with n = 1] 
over a limited range of tanperature below 175 K as pre-
dicted by the QMT model [82]. Hence the experimental val-
ues of o-jj could also be fitted with the QMT model that 
predicted a linear temperature dependence of o-^ci^) due to 
weak ac conductivity and the corresponding expression for 
the o-„(w) can be written as 
o-„(w) = {KK^'-ksT[N{E,)fujRi)/a (12) 
where K is a constant factor and varies slightly bet\veen 
different treatments, and /?„ [=(l/2a)ln(l/QjTj] is the 
characteristic tunneling distance and the corresponding fre-
quency exponent has the form / = 1 + A/\n{coTg). There-
fore, according to the QMT model, the exponent s was 
- !20 












Figure 11. (.i) Inverse lemperjture dependent log.iritliii-.ic .ic cunduc-
tivity (logtr„) of a typical (1 - vXSOV.O.-lOP.O,) -(- .iBaTiOj gl.iss-
nanocomposiie with t = 0 3 .U dilfcrent frequencies (0 5-10 kHz) (b) 
Frequency Jcpendent ac conductivity ot the same glcisi-n.inocomposite 
sample with .v = 0 1 at different tcmperatuies |IX2 (o). l''^ > (o), 120 
(Q), 96 (•), S8 K {%.}]. rvoin the ilope ot tlieic ciirN-es, ihc value;, ot 
J ffrequency exponent) were estimated. Similar curves were olitaineJ 
for other glass concentrations. (Solid lines are guides tor the eves) 
Reprinted with peiniibsion from [50|, M S.idliukhan et .il , J (Jimn 
Phys. 103, 113:6 (1996). © 1996, American Institute of Ph)sics. 
independent of temperature that appeared to be valid for 
the FGNCs only in the low temperature region. The val-
ues of the DOS at the Fermi level, NiEp), were obtained 
by least-square fitting of the linear region in the low tem-
perature phase for the same composition. The values of 
/V(£'f) presented in Table 4 seem to be reasonable and 
comparable to those obtained from the dc conductivity data 
(Table 4) of the same nanoparticle dispersed glasses. How-
ever, although the QMT mechanism appears to be consistent 
with the thermal satiation in Uj^{u}) of these VPTI nano-
composites in the low temperature regime, it completely 
failed to interpret Che observed temperature dependence of 
the e.\ponent i. The QMT model as discussed predicted a 
value oi s r= 0.81 (assuming T^ = 10"'^ sec and a;/27r = 
10 sec'), independent of temperature. It has aheady been 
7u 








Figure 12. Thermal variation of frequency e.xponciu (5) for (1 - .v)-
(90V,Oj-10P,O0 + A-BaTiOj (.t = 0.1, 03, 0.5. and 0.9) glass-
nanocoinposices fitted with the OLPT model (Eq. (10)]. The continu-
ous lines are the best-fit nuves. Reprinted with permission from [50], 
M. Sadhukhan et al../. Cliem. Phys. 105, 11326 (1996). © 1996, Amer-
ican Institute of Ph):iics. 
shown in Figure 12 that s decreases with increasing teniper-
ature and then it increases after reaching a certain minimum 
value, which is also in complete contradiction to the pre-
diction of the simple QMT model. However, at higher tem-
peratures, the ac conductivity starts to deviate from linearity 
and the temperature (around do/l) at which deviation from 
linearity starts increases with increasing frequency. Tlius the 
QMT model can explain only the experimental ac conduc-
tivity data at low temperature of these VPTI type FGNCs. 
It is to be mentioned here that the OLPT model [Eq. (10)] 
is also applicable in the low temperature range if it is 
approximated to low temperature condition. One can show 
that at low temperature this equation reduces to the form 
^,c(oj) = {7r*/\2)e\k,Ty[N{E,)nwK/2ctksT] 
= {n*/24)e'-ik,T)[NiE,)f<oRi/a (13) 
Equation (13) can explain the data of Figure 11 and the 
estimated N(Ef) values fairly agree (within ±2%) with 
the corresponding values estimated from the QMT model. 
The OLPT model is, therefore, applicable for a wide 
range of temperature (both low and high) for these glass-
nanocomposites. And the failure in temperature depen-
dence of the exponent s as shown by the QMT model can 
also be avoided. 
It was also observed that the CBH model [12] which cor-
relates the barrier height W with the intersite "separation 
R for single-electron hopping [84] was not applicable for 
the ac conductivity in these VPTI type nanoparticle dis-
persed glasses, even though this model was found to hold 
good for the base glass [69] VjOj-PzOj (with 80-90 mol% 
VjOj) in the temperature range 80-400 K. A similar fea-
ture was observed as well for the SrTiOs doped ViOs-BijO, 
FGNC system [41, 48]. The presence of TiOj in the VjOj-
P2O5 glass, therefore, not only favors the formation of nano-
crystals but also modifies the iictwoik structuie, which in 
turn was responsible for the change ot physical behavior ot 
the nanocrystal dispersed gla.ss The nonlinear behavior of 
the TiOj doped VP'II type FGNCs, ab discus.scd, \v<is 111 
addition a special property of these FGNCs which might 
be responsible for the observed differences in the conduc-
tivity mechanism in the TiO, doped FGNCs from that of 
the pure base glass, viz. vanadium phosphate (VP) glasses 
The thermal variation of dielectric constant (both real and 
imaginary) of these glasses to be discussed is also inter-
esting, indicating nonlinear behavior of these glasses with 
.r > 5 wt% TiOj [64]. 
7.3. Dielectric rroperties 
Dielectric constants of the FGNC composites are, in gen-
eral, measured by a GR-1615A Bridge and also by a HP 
4291 impedance analyzer [48, 50]. Figures 13 and 14 show, 
respectively, the thermal variations of the real part (e') of 
the dielectric constants of S0VjO5-20PbO -i- 30 wt% BaTiO-, 
and S0V2O5-20P2Oj + 10 wt% TiOj nanoparticle dispersed 
FGNCs for different frequencies (0.1-100 kHz) [30, 64]. 
Interestingly, the values of dielectric constants of these 
FGNCs were several orders (three to four) of magnitude 
higher than those of the undoped 80V2Oj-20P,O5 glasses 
[5]. It was also observed from the T vs e' cun.e (Fig. 13) that 
this relaxation peak above 360 K was shifted to a higher tem-
perature region with the increase of frequency. For higher 
concentrations (.r > 5 wt% TiO,, or BaTiO,) at a fixed 
frequency [30, 64], where grain size became largei, or at 
higher frequencies (for a fixed concentration), the dielectric 
constant decreased (Figs. 13 and 14). A ma.ximum dielec-
tric constant for the VPTI t>pe FGNC was obseired with r 
around 5 wt% (having smallest grain/cluster size ~10 nm) at 
100 kHz [64] This behavior was also obser.'ed in the V,0<-
PiOj-KTiOj glasses [86]. 
The Debye type relaxation behavior [S7] can be char-
acterized by a complex dielectric constant of the form 
e' = Sa + {Ss - Eo)/(l + 7 ^ T ) where e, and e„ are the 
static and high frequency dielectric constants, respectively, 
cj is the angular irequency and T is the dielectric relax-
ation time. Using the relation e ' = e' -t- is", we get both 
real (e') and imaginary (e") parts of dielectric constants 
expressed as e' = e„ + {s, - e „ ) / ( l + arr-) and e" = 
(e, - sJ)0)T/i\ + oj-r-). Debye type dielectric rela.\ation 
71 




2 x 1 0 ' -
1 xlO' 
Again according to Cole and Cole [89], the complex dielec 
trie constant can be expressed as 
( 6 , - £ „ ) / ( ! + :WT,„)' ( l i ) 
Figure 13. The lliernial disiinctiun real part of dielectric constant (e ) 
of the glaM-njiiocompOiite sample (80VjOj-20PbO) + 30 \vt% BaTiO, 
(annealed at 300 *C for 9 h m air) showing one broad peak around 
390 K at four different frequencies, 100 Hz (D), 1 kHz (•), 10 kHz (A), 
and iOO kHz (c), corresponding to ferroelectric transition of BaTiO, 
at 393 K Reprinted with permission from [30], M Sadhukhan et al, 
1 AppI Pins 85, 3477 (1999) O 1999, American Institute of Phyiics 
behavior is aUo characterized by relaxation frequency / . = 
I / Z T T = i'phe\p(-If/fcflr), where i-p,, is the characteris-
tic phonon frequency This relaxation process tan be more 
cleailv rebolvcd (S8) from the calculation of dielectiic mod-
ulus A/' (=;V/' -I- iM') = £'" ' = coe^Z', where CQ IS the vac-
uum permittivity and 2" is the complex impedance The real 
(lU') and imaginai-y ( W ) parts of the complex dielectrio 
modulus Vf' are related to the dielectric constants as. 
,W'= £7(e'-4-e"-) and A/" = e'VCs"+ £ ' ' ) (14) 
14 5x10 ' 




Figure 14 Real part of dielectric constant (s) of (8QV O5-20P,O.) + 
xTiO; glass-nanocrystal composites for a fixed (r = 10 wtTi) TiOi con-
tent at different frequencies (0 1 to 100 kHz) as a function ot lempei-
aturc Repnnted with permission from [64], D K Nfodak et il Sol 
Suie Pins 43, 368 (2000) 
where T,„ IS the mean relaxation time and </> is an empirn.il 
paiameter lying between 0 and 1 The slope ot ihc Cole-
Cole plot [89] at e" = 0 gives the value of (1 - <6)7r/2 
A value of (^  = 0 leads to a single relaxation time and </> = 1 
gives an inhnite distribution ot lelaxation time whicli is very 
common in the glassy system 
The thermal variations ot loss tangent tan o (==•'/•£) 
for T1O2 doped nanopartic'e dispersed FGNCs were large 
(since e" > e') indicating a very high loss factor in these 
FGNCs [64, 78] The high loss of these glasses might be 
due to the more conducting nature of the precipuatcd m^nu 
ci^stals embedded in the glass matrix, or the effects ot space 
charge polarization [90] ot nanotrystalliiic TiO, In the high 
temperature region, a sharp increase ot the loss tnngent 
was observed with increasing trequency Inteiestmgly, at 
lower concentrations ( t < 10 \vt% which was almost below 
the critical concentration x above which "phase tiansition' 
occurred), loss tangent of the VPTI type glass-nanocrvstal 
composites showed peaks, which shifted to a higher tem-
perature region lor higher concentiation for a constant fre-
quency of 10 kH^ The tan 5 vs temperatuie cuives of highei 
concentrations did not show any peak It should be men 
tioncd that Kundu et al [34] did not obsei-ve anv peak in 
temperature variation ot tan 5 curves and the loss was also 
very low Because ot the absence of a well detnicd loss peak 
and the unceriainiies involved in the subtiaction ol ihc uc 
conductivity from the total conductivity, it was dithcult 'o 
use conventional methous ot estimating ilio leKmtioii Ire 
quency /^ and the nature ot the dispcision (1 c whcihci 
It is characterized by a single iela\ation i.mc 01 bv i dis-
tiibution of relaxation times) Howevei, the following two 
approaches may be used [79] for the analysis ot the data 
The hrst involves the dielectric modulus, defined bv Macedo 
et al [88], and the second approach is to extiact intoimaluiii 
about the dielectric relaxation time from the tempeiature 01 
frequency variation of the dielectric constant alone assum 
ing a symmetric distribution of relaxation times Although 
no peak was observed in the temperature dependent s' 
curves ot 8OV2O5-2OP2O5 -1-5 wt% TiO, nanopaiticle dis-
persed FGNC i^ Fig 15) for a fbied frequency up to the high-
est temperature hmit measured (460 K), it exliibited Deb)e 
tvpe dielectric relaxation behavior characterized by rela.\-
ation frequency /^ (=l/2irT) [64] It is inteiestmg to note 
that Prasad et al [31, 32], however, found peak m tem-
perature variation of dielectric loss (e") data of SOSrBjO;-
SOBiiVOjj tvpe FGNCs The relaxation process in these 
FGNCs can be more clearly resolved by using Eq (1"^ ) 
It was seen from the thermal variation ul M' tor a lixcd 
(20 wt%) TiOj doped VPTI type FGNC (Fig 16) that M 
vanes slowly with temperature for fixed measured frequency 
(10 kHz) above 26Q K [64] This type ot tempeiature depen-
dence of M' indicates that the dielectiic constants of the 
samples are thermally activated Similarly M" vs T cur/es 
for a sample with 30 wt% TiO. (Fig 17) at diffeient fixed 
frequencies (1-100 kHz) showed peaks wiihin the measured 
temperature limit around 110 K The pc.ik posinon ot M 
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Figure 15. Imaginary- pait of dielectric constant (e") as a function of 
temperature for (SOV-Oj-^OP.O.) + JiTiO. glass-nanocrystal compos-
ites (with .1 = 5 wt% TiO,) at frequencies 0.1 and 1.0 kHz (a) andIO 
and 100 kHz (b). Reprinted -.viih permission from [64], D. K. Modak 
et al., SoL Siaie P/iyi. 43, 36S (2000). 
gave the temperature at which the measuring frequei^ cy was 
given by / , = i'^i,txp{-W/kBT). Attempts were also made 
to find the nature of the dielectric relaxation behavior of 
these FGNCs from the Cole-Cole plot [89] of Eq. (15) at 
different fixed temperatures with different frequencies [64]. 
The semicircular nature of the curves as predicted from the 
Cole-Cole plot [89] for the TiO; or BaTiOa nanocrystal 
doped VPTI type FGNCs was not prominent [30, 50, 64]. 
From the Cole-Cole plot [89], it was also evident that <j} 
resided between 0 and 1, which suggested that all these 
glass-nanocrystal composite samples had a distribution of 
relaxation times. 
Grain size effects on ferro- and antiferroelectric o.xides 
have been well investigated theoretically and experimen-
tally [90, 91]. For ferroelectric PbTiOj, the estimated criti-
cal size of the nanoparticie clusters [40] was between 8 and 
12 nm. Tlie high dielectric constant of these nanoparticie 
dispersed glasses might be related to the space charge polar-
ization or ionic rehuation polanzaiion occurring at ihc 
5 4 5x10= U-
Figurc 16. Thermal vanmion of the real part of dielectric inodulus (A/') 
for (S0V,O5-20P.Oj) + jrTiO; glass-nanocrystal composites for a fixed 
TiO, concentration (.t = 20 \vt% ) at 10 kHz. Reprinted with permission 
froni [64], D. K. Modak et al., Sol. Slate Pliys. 43, 36S (2000). 
interface as suggested by Zhong et al. [90, 91]. The dielec-
tric loss of the VPTI t>'pe nanoparticie dispersed FGNC was 
also very high which might be related to the more conduct-
ing character of the precipitated nanoclustcrs. 
7.4. Ferroelectric Properties 
For a typical FGNC system, viz. Bi,_,Pb^Sr,Ca,Cu3_,K„ 
(t = 0.1-0.3, >' = 0.2-0.3), the ferroelectric property is dis-
cussed. The 7,, values of this system were found to be (340, 
350, 360, and 400 K) depending on the values of .v and 
y [44]. For a typical FGNC, viz. {x = 0.2, y = 0.2), its 
4.9 X 10 
460 
Figure 17. Thermal variation of imaginary part of dielectric modulus 
(.V/") of (S0V,Os-20P;Oj) + .rTiO, glass-nanocrystal composites for a 
hxcd TiO; concentration (.t = 30 wt%) at 1 (.\), 10 (•), and 100 (QI 
'<H^ Rdprmtcd with permission from [64], D. K. Modak et al, Sol 
i.>(«e Pfivs 43. 3(iS \2000) 
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TEM micrograph clearly indicated the presence of micro-
crystals/clusters (10-50 nm size) The concentration of the 
nanoparticles slightly increased with the increase of Pb con-
centration As mentioned earlier, these nanoparticles aie 
considered to be rcbponsible for the ferroelectric behavior of 
K containing FGNCs since nanoparticle free glasses are not 
ferroelectric Interestingly, the K free glasses are reported 
to bcLOme also superconductors [59] bv annealing around 
840 °C Hereafter these K free glasses are referred to as SO 
glasses But due to the presence of alkaU metal (partial sub-
stitution ot Cu by K) in these glasses, they show FE behav-
ior and do not become superconductors by annealing [44] 
around 840 °C The K doped ferroelectric glasses are termed 
FG glasses 
The structure of Bi-Sr-Ca-Cu-0 glasses depends to a 
great extent on the Cu (.ontcnt and its valcntL state [21] 
So the addition of alkali metal (K, sav) in the Cu site dis-
torted the average structure of the K tree SG t\pe glass to 
d great extent [44] Though both Bi,Oj and CuO are not 
glass-forming oxides, it is well established that both B12O3 
and CuO are necessary to form a glassy state in the Bi-
Si-Ca-Cu-0 system as repoited by several authors [78, 79] 
BijOj enhances the glass-forming ability in the Bi-based 
FGNC systems, BuGj acts as "glass former' in the pres-
ence of CuO It has been reported [92] that Bi ions 
are SLX coordinated (distorted B1O5 octahedra) in the Bi-
based glasses The oxygen coordination number ot Cu* 
in Cu,0 IS 2 and that of Cu--^  in CuO is 4 The den-
sity of CuO IS more than Cu,0 , concluding that CuO 
structure is moic compact than that ot Cu^O Recently 
Sato et al [93] proposed a glass network structure unit 
of BijSr_,Ca^Cu,Oj glasses as shown in Figure 18 In this 
model, B1O4 OLtahedra aie i-onnectcd to othei octahcdi \ 
through tv.0 cooulinated Cu'*' ions and partici'Lirlv n the K 
tree SG ts-pe glasses Cu''' ions take pait mainly in the for 
malion of networks The othei cations ot Cu^* Ca'"^ and 
Sr-* may be distr'buted randomly m the sunounding net 
woik Paiiial rcolucement of Cu sites by K i-hanged some 
ionic states of Cu and distorted the glass ner^oik stiuc 
ture in favor of dipolar ordering and hente appearance ot 
ferroeleLtricity as observed from the dielectric properties 
discussed The diffeience between the glass stnictuies ot 
superconducting precursor glass (SG t)pc glass) can be com-
pared in terms of the oxygen molar volume [94, 95] V' The 
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Figure 13 Network structure model ot Bi^ Sr^CaXu,© glasses In K 
doped glasses, Qi ions are pirtiallv replaced bv K ions Reprinted wich 
permission from [9J), R Satoetal J \'on Cnsi Solids IISQ 1S0(1°93) 
O 1993, Ebevier Science 
_ (A/co - 16C)A-c.o + ^ K^ K^ + -^/Q VQ + ^^ s, ^ sr + MnXn + M^, \\ 
(16) 
where \'icuo, M^ MQ^, M^,, MJ,^, and /V/g, are the molecular 
weights ot CuO, K2CO3, CaCOj, S1CO3 PbO, and B i , 0 , 
respectively A'r.o. '^K< '^CD. -^ Sr. ^rb- '>n^ ''^B, ^re the mole 
fractions ot CuO, K X O CaCO , SrCOj, PbO, and Bi ,0 
respectivelv The parameters d and C are the densitv ot 
the glass and fraction of leduced Cu ions, respectively BotU 
7j ("400 -C) and K; (14 52) of the K containing FGNCs 
were a little higher than those of the K free SG glasses 
(T^ = 340 "C, K ; = U 23) [44] This indicated that K doped 
1^ isses had a moie stable glass netwoik stiudurc thuii ihai 
ot the K tiee SG glasses Howevci, the ncn\ork structuie 
aho depended on the K and Pb coiiccntiations 
The dielectuc constant of the Bi based glassv piccuisor 
(Bi,Sr3CajCujO^) for high 7, supeiconductors (SG glasses) 
did not show any ferroelectric behavior [96-100] Figure 19a 
shows the variation ot the dielectric constant (e ) ot a typical 
K doped FGNC, vi? (with A: = 0 2, y = 0 2) as a function 
of temperature for different frequencies 0 1,0 12, I 0, 10, 
100 kHz The appearance of small broad peak in the {s - 7 ) 
curve (Fig 19a) around 600 K along with the large peak 
for ever)' frequency indicated the presence ot the relaxation 
mode in the glass The s' values ot the FGNCs aic ot the 
same order as those of the Bi-hased multicomponcnt SG 
glasses (Fig 19b) [96-100] ft has nlrcadv been shown [78] 
that the dielectric constant ot nanocnstailine TiO, is much 
larger than that ot the <.orresponding bulk sample As men 
tioned earlier [30-32, 34, .--O 64], die'Bi,VO. PbS BaTiO 
and l i O , terioelectiic n inocmt lis containing FCNCs aKo 
showtd high diclectiic const mts as shown 1' Tible 1 
The dielectuc constant data ot the K doped FGNC tol 
loHed the Cuiic-VVeiss relation s = C/(r — TQ), where ( 
IS the Cum constant 7^ , is the eMraool.ited intersection of 
the high einpeiature part ot the plot with the tcmpen 
ti re a\is as shown in Figure 20a [44] The oider of transi 
tion was identified by hnding the latio of the slopes '-—-
be'ow and above 7 ,^ [44] The value ot this latio ( = - 2 o3) 
indicated that the transition was ot hrst order type Piasad 
et al [31 32], also analyzed the dielectuc constant data ot 
the SrBjOj-BijVOsj type FGNCs in the same way In case 
of second order phase transition, T^ is practically the same 
as the transition temperature or the Curie point f^f, while in 
case of a first order transition 7o is lower than the Curie tem-
perature 7j( 7,f of this FGNC was found to vary from 500 to 
530 K depending on K concentrations It is more interesting 
to mention here that for any of the K-free superconducting 
precursor glasses (SG glasses), becoming superconductors 
by annealing, the plot of 1/s' vs 7 (Fig 20b) did not at 
all match with that of K doped FGNC showing ferroelec-
tric behavior (Fig 20a) Detailed analysis ot the dielectuc 
properties of other SG glasses without showing ferroelectric 
behavior can be toi;ind in the text [96-100] 
Here we like to mention that frequency dependent con-
ductivity (Tjc(w) a co' (where 5 < 1 is frequency expo-
nent [13, 14]) of these FGNCs also supported the small 
polaron hopping conduction mechanism [S6] Murawski 
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Figure 19, Tliermal variation of real part of dielectric constant (e') of 
(a) Bi,j,Pb,,Sr Ca,'Juj^K^jOS and (b) Bij.,Pb|i,SrjCajCu,0, samples 
at different frequeucies, Q l-lOO kHz. Reprinted with permission from 
[44], S. Mukherjec et al.,/ Appl. Phys. 94, 1211 (2003), O 2003, Amer-
ican Institute of Physics. 
and Barczynski [101] showed that a fractal structure was 
responsible for relaxation currents and the total conductiv-
ity <T,{i>i) = fTjc + ff'„(w) can be expressed as a, = a^[\ + 
K{d)(jti)l(D^Y], where r = 1 +«/ - J^ > 1, rf is the dimension-
ality of the space containing relevant clusters, and dj is the 
fractal dimensionality of such clusters. For frequency oj < 
Wc = 27r/j, where /^ is the peak frequency at which dielec-
tric constant data showed peaks and K{d) is a dimensionally 
dependent constant related to the statistics of the contribut-
ing clusters {K = 0.001-0.0025) for many TMO glasses [90]. 
For a typical glass sample with J: = 30 wt% of TiOj, Mukher-
jee et al. [44] estimated df from the knowledge of ac con-
ductivity and dielectric constant data of this sample. The 
estimated value oid^ was ~2.71 meaning that in the clusters 
the percolation paths also have three-dimensional character 
in the nanocrystal dispersed FGNCs. 
Prasad et al. [31] observed that 50SrB4O7-50Bi,VO5 3 
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Figure 20. Variation of inverse dielectric constant {lie ) wuli temper 
jiurc ot (a) Bi,jPb|)jSr-Ca,Cu;sO, at a ll\ed frcquenLy 0^ 12 kHz; 
and (b) Bi,,Pb„,SrjCdjCu,6. at different frequencies (.0 I-IQO kH?) 
Reprinted with permission from [44], S Mukherjee et al J Appl P'n y 
94, 12U ^2003), © 2003, American Institute of Physics 
a poLirization {P) versus electric field (£) hysteresis loop 
al room temperature (300 K) indicating that the coercive 
field required to switch on the polarization at this tem-
perature was much higher. However, the sample exhib-
ited a hysteresis loop in the vicinity of the ferroelectric 
to paraelectric transition temperature (720 K) associated 
with a remnant polarization \P,) of 5.63 x 10"' C cm"-
and coercive field {E^) of 1250 V/cm (Fig. 21a). How-
ever, the values of P, and E^ were, lespectively [102], 
2.25 X 10"' C cm"' and 650 V/cm for micrometer size 
crystallites containing BiiVOss ceramic. The loops disap-
peared and the plots became linear (Fig. 21b) at 7S0 
K, which was beyond the phase transition temperature of 
this glass-nanocomposite. On cooling, the loops reappeared 
around 730 K, which was similar to that of the ferroelec-
tric behavior of BijVOsj ceramics. Similar behavior was 
also exhibited by the K doped Bi-Sr-Ca-Cu-0 FGNCs as 
discussed 
7.5. Piezoelectric Properties 
Though tiaiisport and other properties ot the tcrroeloctiic 
nanocrystal dispe^ed oxide glasses have been studied 
widely, the piezoelectric nanocrystal-glass composites 
have not been so extensively investigated. However, com-
posites having perovskite dispersed polymer and glasses 
have been studied as electronic-cei amies [103-110] 
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Figure 21. Hysteresii> loops recorded on 820 K heat-treated iOSrB^O,-
SOBijVOjj glass nanocomposites at two different temperatures, (a) 720 
and (b) 7S0 K P, jad £, stand respectively for remnant polariz.i-
tion and coercive field. Reprinted with permission from [31], N. S. 
Prasad and K. B. R. Virma, /. Maler. Cliem. 11, 1912 (2001). © 2001, 
The Royal Society of Oiemistry. ' 
The piezoelectric particulate reinforced nanocompositc 
ceramics have been broadly reported [111-119]. Vari-
ous piezoelectric-nanocomposite systems like PZT/Ag, 
PZT/A1,03, MgO/PZT, BaTiOj/Ni, BaTiOj/SiC, etc. 
have been explored by several groups [111-119]. The 
PbZrojTioj,03 t>pe system can be used to prepare 
piezoelectric-glass nanocomposites [120]. The relative per-
mittivity (e') of these piezoelectric-nanocomposite svstems 
is in the range of 1000-3000 at a temperature of 300 K 
and frequency of 1 kHz [119]. The dielectric constant and 
dielectric loss of the piezoelectric-nanocomposite system 
generally have an abrupt increase above the critical field 
as shown in Figure 22. This effect has been confirmed by 
different research groups [121]. Hagemann [122] proposed 
that this change is due to hysteretic domain wall motion 
and the resultant reorientation by spontaneous polarization. 
Similar to piezoelectric nanoparticle-glass composites. 
Cnlical Field 
• > 
Lo« EleiTiL Field High 
Figure 22. General trend of dielectric loss with applied electric field 
of piezoelectric gj.iss-naiiocomposites Hysteretic domain wall motion 
above a critical field (indicated by arrow) leads to an incrcaied dicleu 
trie losi Reprinted with permission from (119a], S R Pameiiy et .il, 
preprint (2002) 
the pyroelectiic nanoparticle-glass compoiitcb aie not 
widely studied Some composite films of lead titanate, 
PZT, lanthanum-iead titanate, and caKium-lanthanum-
lead titanate into copolymer matrices for pyroelectric 
icnsor application are alieady available in the literature 
[123-128]. 
7.6. Mechanical Properties 
The mechanical behavior of a matciul u determined by us 
t\'pe ot bonding and defect structure Nanophase niatciuli 
sJiow inci easing hardness with dcci easing giain ;>i7e WJien 
the grain size of the material is reduced to the nanoicale. 
Its mechanical property becomes strongly inlUienced due to 
ihc tact iliat a large tiaction of the aiomb in the mate-
rial lie in the gia:n boundaiies. So the naterial bcconieb 
supeihard possessing hardness rivaling diamond (129, 1?0] 
Glas.ses are generally very brittle. Dispersing nanocrystals 
inside the glass matri-x can decrease its brittleness. Tough-
ening IS an extremely impoitant property of glass foi their 
practical use. A piezoelectric secondary phase (e g , PZT 
particles) can increase the toughening when incorporated 
into the glass matrix. The works on PZT-containing ceramic 
matrix composites sugge.<'t that energy dissipation due to the 
piezoelectric etfect as well as the motion of the domam 
wall should contribute to toughening. The sintering pro-
cess of the mi.xtures containing diffeient conccntratioiib of 
PZT particles should be optimized in order to obtain a 
pore-free matenal. Transparent glass fiber reinforced sili-
cate glass matrix composites with improved mechanical and 
optical properties are important for technical applications 
The studies of mechanical properties of these products, 
VIZ. fracture strength, toughness, and thermal shock resis-
tance, and the optical properties, viz. composite effective 
refractive index and hght transmittance, are also very impor-
tant for future investigation and analysis. Hot pressing is 
generally used to obtain dense glass-nanocomposite mate-
rials. The haidnesj of ferroelectric glass-nanocomposites 
are generally done by heat treatment of the material 
to produce a fine dispersion of particles withm the 
raicrobtructure which increases the resistance to domain wall 
motion [131] 
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8. TRANSPARENT FERROELECTRIC 
GLASS NANpCOMPOSITES ' 
Some of the glass-hanocomposites arc transparent since 
these have a big bandgap for light absorption for electrons, 
and so light absorption is very low and thus transmitted 
light fraction is very high. The nanoparticles in the glassy 
matrix are so small that light is unable to interact with them 
(i.e., the object is smaller than light wavelength) and thus 
the transparency of the glass-nanocomposite is not ham-
pered by the inclusion of nanoparticles in the glabs matrix. 
On the other hand, if the refractive index of the dispersed 
nanoparticles is the same as that of the base glass, it will 
also not affect the transparency of the glass. These mate-
rials have several advantages like easy formability, optical 
transparency, and low cost. Examples of some TFGNCs 
are LiNbOj nanocrystal embedded LiiO-SiOi-AliOj glass 
matrix and KTiOPO^ (KTP) nanocrystals dispersed in SiOj 
glass matrix (35, 39]. 
' In KTiOPO^ (KTPySiOz TFGNC, the ferroelectric KTP 
nanoci^ -stals were directly precipitated from K20-Ti02-
FjOj-SiOj parent glasses by heat treatment [35, 39]. The 
SAED, SEM, and TEM of these TFGNCs showed the dis-
tribution of the nanoparticles in the glass matrix beauti-
fully before and after heat treatment. Particle sizes were 
measured from TEM photographs [35, 39]. The ultraviolet 
(UV) absoxption band in these TFGNCs originated from 
the Ti-0 band. There was also a strong absorption near 
2800 nm; which corresponded to the well-known IR absorp-
tion band of the OH-band stretching mode. The trans-
parency of these TFGNCs decreased with the increase of 
heat-treating temperature as shown in Figure 23. With the 
increase of heat-treatment temperature, the particle size 
increased and hence became able to interact with the light 
and as a result the transmittance decreased. However, these 
TFGNCs had a transmittance cutoff edge in the UV range 
at ~350 nm [35, 39]. 
The second order nonlinear susceptibility is generally 
induced only in a noncentrosymmetric crystal structure or 
anisotropic materials. In other words, second harmonic 
genefatiori*': (SHG)' in • glasses ..should • be: forbidden as 
glasses-.havecmacroscopic inversion symmetry. Therefore, 
SHG and other'electro-optical effects are usually unex-
pected in glassy systems. In fact, no SHG signal was 
observed in different SiOj-based glasses [35] like 2OP2O5-
SOSiOi, lOKjO-lOTiOj-SOSiOz, lOTiOa-lOF^Oj-SOSiOz, 
and 20TiO2-80SiO2. But the SHG signal has been reported 
in some poled glasses [132] and photoinduced glasses 
[133-135] though the origin of the SHG signal was com-
pletely unclear. SHG was also observed in GeOi-, CeOi-, 
and Eu203-containing SiOi glass fibers which was due to 
the defects and additives and may be the origin of the SHG 
centers in the glasses [135-138]. The multicomponent K2O-
TiOj-PjOj-SiOj parent glasses, when annealed at 550 °C, 
did not contain resolvable crystallites [39] as analyzed by 
XRD and hence did not exhibit any SHG signal (Fig 24a) 
Nevertheless, when annealed at 750 °C, it contained KTP 
nanocrystals dispersed in SiO, glass matiLX and exhibited the 
SHG signal with a narrow bandwidth at 532 nm signifying 
a true SHG process (Fig. 24b). These lesults suggested thai 
the SHG in KTF/Si02 TFGNC originated from KTP nano-
crystals embedded in SiOo matrix [35]. It is to be noted here 
that a third order nonlinear optical susceptibility or third 
harmonic generation in silver nanocrystal dispersed BaO-
B2O3-P2O5 glass was observed around the surface plasmon 
resonance band [51]. 
9. APPLICATIONS 
Nanophase engineering with organic and inorganic mateii-
als is expanding enormously to manipulate optical and elec-
tronic functions. Semiconducting nanoparticles have been 
the subject of increasing interest since the demonstration 
in 1975 of the enhancement of their third order non-
linear optical properties [139]. Veiy small semiconductor 
(<10 nm) or metal particles in glass composites and semi-
conductor/polymer composites show interesting quantum 
effects and nonlinear electrical and optical properties. Nano-
composite materials consisting of small metal or oxide 
particles dispersed in glass matiices are attracting much 
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Figure 23. ^velength variation of optical uansmiuance (%) of 
20(K,O-TiOj-P.Oj)-S0SiOi syste"" heat-treated at various tempera-
tures (650, 750, and 850 'C) for 4 hours. Reprinted with permission 
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Figure 24. The SHG 1532 nm) ipectra for (a) 30(K,O-TiO;-P.O5)-
70SiOi multicomponeht glass, (b) 30KTP-70SiO, nanocomposites pre-
pared by heating at 750 'C, and (c) fundamental beam (1064 nm). 
Reprinted with permission from [39], D. L Li et al.,/. 2\'on-Cryst Solids 
261, 273 (2000). O 2000, Elsevier Science 
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attention because of their potential use in !|variety df fields, 
such as optics, magnetism, and electronics fl^O-146]. Semi-
conducting nanoparticlcs are particularly interesting due to 
their possible applications in diverse areas like photocatai-
ysis, solar cells, display panels, and new devices, viz. single 
electron transistors and so on [147-149] A high third order 
optical nonlineanty of semiconducting nanocrystal compos-
ites allow a wide range of useful function, such as high 
speed all-optical switching and other signal processing oper-
ations Ferroelectric nanoparticles can be treated as built m 
electrical dipoles, which can produce electro-optic effects, 
photorefraction, and harmonic generation The FGNC sys-
tems are both semiconducting and ferroelectric with a giant 
dielectric constant. The FGNCs with high permitivitty may 
be attractive for applications in microelectronics Because 
of tlic ferroi-lcctiic beliavior of glass-iianocoinposiies, thi;y 
have additional applications as sensoi matcrialb [150] When 
AT ivdwA'}' g}jss ,'S doped .'ivi'.'r qusffl^'j^d J^ ?.m,^ £^'.':£lJ.l•£•J^ 7^  
colloids, It becomes a high-performance optical medium 
with potential applications in optical computing Very sm,^u 
particles have special atomic structures with discrete elec-
tronic states that give rise to an extraordinary property lil^ e 
superparamagnetism Magnetic nanocomposites have be^n 
used for mechanical force transfer (ferrofiuids), high-density 
information storage, and magnetic refrigeration Piezoelec-
tric nanocr^'Stal-glass composites are more sensitive niaten-
ajs for high frequency hydrophones 
Transparent FGNCi having nonlinear optical properties 
are used in tinnhducjrs, sensors, and actuators in tiic ficltii 
of communication, energy, and health These new totally 
inorganic niatciials will be attractive lor various optical 
applications (switching and nn.niory dt-viccs) whcic ciir-
rently standard monolithic glasses cannot be used due to 
poor mechanical properties More conventional application., 
of wnde commercial interest such as architectural and builj . 
ing materials are also possible including applications whcre 
high fire and theimal shock resistance are required atid 
where standaid laminated glasses are not suitable due to 
their organic coirpcnents The superhardness of the gla^^. 
nanocompoiiies can be used as a mateiial requiring friction 
and wear resistance The superhard nanostructured filrns 
promise revolutionary improvements for wear protection 
for applications in high speed machining as well as m'the 
emerging field of miniatuiized moving parts in microelectro-
mechanical systems [129, 130] 
10. CONCLUSIONS 
The ferroelectric glass-nanocomposites (FGNCs) are 
formed by uniformly dispersing nanocrystalline particles/ 
clusters of TiO., BaTiO^, PbTiOj, SrTi03, PbZrQ. 
KTiOPO,, Bi.VOj,, U G e ; 0 , j , PbS, etc m the glass 
matrices These FGNCs show giant dielectric constar^t, 
ferroelectric, and piezoelectric behavior depending on their 
composition The electrical and the dielectric properties 
of these FGNCs are found to depend on the size and 
concentration of the dispersed nanoclusters m the glass 
matrices For lower concentrations of FE nanocrystais 
(<5 wt% with average grain or cluster size <10 nm), the 
increase of conductivity was found to be small. A shaip 
rise of conductivity occurred for the FGNCs with 5 arid 
} Perroelf"Ctric Nanocrystal Dispersed Oxide Glasses 
10 wt% Tibj embedded in SOVjOj-lOPjOs glass Foi 
higher concentrations (>10 wt% with average grain or 
cluster Me. >20 nm), the conductivity increased slowly 
with ificiease of concentration The increase of electrical 
conductivity compared to the base glass was considered 
to be due to the precipitation of nanocrystalline phase m 
the base glass matruc A phase separation appeared in the 
FGNC benveen 5 and 10 wf^ o TiO, showing nonliiicaritv 
in the concentration dependent conductivity and dielectric 
peimittivity The dielectric constant also showed the maxi-
mum value tor the FGNC bel^veen 5 and 10 wt 7o Tlic high 
dielectric constant of these FGNCi might be related to the 
spate charge polarization or lon.c lelaxation polarization 
occurring at the interface as Suggested by Zhang et al 
[7S] Very strong polaionic couplings (y vanes t ion 12 
l(j 25, gcncr.illy foi T M O glasses y -- I indicates v t i . 
stiong clectron-phonon interact on constant) observed tor 
!hese FCJ^CS p)ay an imponnm -oJe foj their high che)ec-
tric constant It appears that there is an average critical 
grain/cluster size (~10 nm) above which dielectric constant 
of these FGNCs tends to decrease In the literatuie, grain 
size effects on ferro- and antiter-oeiectiic oxide mateiuMs 
have been well established both •heoietically and experi-
mentally [29, 77] For ferroelectr c PbTiOj, the estimated 
critical size resides between 8 2 end 13 8 nm [29] Recentlv 
the high dielectric constant in CaCu3Ti40,_ [45, 46] was 
also explained by considering se niconducting grams w.tli 
insulating gram boundaries Further siudv ot dielectric and 
conductivitv iclavation behi"ioi .n these fCiNCj woukl 
be inieiesting Problems lelaied to the uiiiiorm size MUI 
disliibuiioii ot ihe nanopaiticles nnd piop.ii.uion ot I'^ c 
samples 111 the loiin ol wiie, tj'^cs, lliiii liliiis, LIC Imi'i 
these nanoparticle-dispeised gla<;ses are vet to be explored 
More elaborate theoretical analvsis is neces<:aiy to under-
stand the origin of the giant dielectric cimstant in the>-e 
systems Moreover, oui undeistarding ot highei haimoiiic 
generations in nanocrvstal dispoised glassy niateiials is 
no way complete Thoiough experimental and theoretical 
investigations on such materials aie highly encouraging 
SHG signal in TFGNCs was fourd to oiiginrte from the 
KTP nanocnstdls em^^edded in SiO glassy matnx [35, 39] 
The ferroelectric nanocrvstal dispersed oxide glasses will 
most probably gam rapidly increas'ng importance in the near 
tutuie In general pioperties, pro^-uction, and chaiacttiiza-
tion methods and their interrelations are, however, not yet 
satisfactorily understood Hence, efforts need to be made 
to enable the directed tailoring ot nanophase, nanoscopic, 
and nanocomposite materials for future technological and 
industrial applicptions The main aisadvantage ot ferroelec-
tric crystals grown within a glass medium is the difficulty m 
poling them because of the low die'.ectnc permittivity of the 
glass matiix However, the piecipitating of nanociystalline 
¥'E metallic phase in glass matrix is easy and it enhances the 
dielectric constant of the glass enormously [33] 
GLOSSARY 
AC conduttivit> Fiequency dependent conductivity The 
conductivity of the material changes both with tempeiature 
and frequency From the study of electric conductivity ot 
solid materials (composites etc ), mechanism ot electron or 
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ion transport, responsible for the electrical conductivity, can 
be explained. '»' ' i ' 
Correlated barrier hopping (CBH) Mechanism of electri-
cal conductivity. The charge carrier is assumed to hop 
between site pairs over the potential barrier (W) separating 
them. For the neighboring sites at a distance R the effec-
tive potential barrier will be reduced to a value Wo due 
to overlap of Coulomb potential of the two sites Thus the 
barrier height is correlated with the site separation R (for 
references see text). 
Curie temperature The ferroelectric property of a crystal 
disappears above a critical temperature TC This temper-
ature is called Curie temperature. Above the Cune tem-
perature, the fenoelectnc phase become paraclectnc, like 
ferromagnetic to paramagnetic transition 
Fcrroelectricity It is a special property of some crybtdlhne 
materials 'showing spontaneous polarization A necessary, 
but not suffii-iCnt, condition for a solid to be ferroelectiic 
is the absence of a canter of symmetiy. In total there are 
21 classes of crystals, which lack a center of symmetry The 
classes are based on the rotational symmetry of crystals 
Ferroelectric glass nanocrystal composite (FGNC) When 
some transition mcul oxides are mlted with ferroelectric 
oxides PZT etc. nanocrystal of the ferroelectric o.xides 
are precipitated in the glass matrix. These nanocrystals 
embedded glassy phase is called the glass-nanocrystal 
composite. Depending on the grain size and concentration 
of these nanoparticles, the piopeities of the FGNC change 
Melt-quenching This technique is widely used tor prepar-
ing disoidered glassy and amorphous materials. The mate-
rials (metallic oxides, in particular) are melted to the liquid 
phase and quickly quenched to room temperaiure 
Overlapping large polaron tunneling (OLPT) If theie is 
appreciable overlap of the lattice distortion in the electron 
wave function, this model is used to explain ac conductivity 
of semiconductors in disordered materials The electronic 
wave function m this case extends over many atomic sites, 
hence the polaron is termed as large polaron. (See text for 
details). 
Phonon The vibrations of the atoms or molecules are con-
sidered to be quantized and phonon is the quantized lattice 
vibration. 
Piezoelectric Of the 21 classes of feroelectnc crystals, 20 
are piezoelectric, i.e. these crystals become polarized under 
the influence of external stress. 
Polaron Localized charged carriers (formed due to strong 
interaction beuveen the phonon and the earners) which 
strongly interacts with the lattice. If the electron wave func-
tion extends over many atomic sites, the polarons are called 
large polarons, otherwise polarons are called small polarons 
Pyroelcctric Ten out of the 20 piezoelectric classes exlubit 
pyroclectric effects. These pyroelcctric crystals are sponta-
neously polarized. 
Quantum mechanical tunneling (QMT) In this process 
variable range phonon assisted quantum mechanical tun-
neling beween sites close to Fermi level is considered for 
explaining electrical conductivity m disordered matenals like 
composites, gla.ss etc. 
Scanning electron microscope (SEM) This is a technique 
for studymg the surface structure of the materials. 
IVansition metal oxide (TMO) glasses The transition 
metal (Fe, Co, Ni, Cu, Mn etc) oxides when melted ai 
higher temperature and quickly quenched to room tempera-
ture, forms o.xide glasses. These glasses are semiconductors 
because of the the hopping of electrons/holes from highei 
valence to lower valence states of the transition metal ions 
Strong electron-phonon interaction is responsible for the 
polaron formation in these glasses 
Transmission electron microscope (TEM) This is a tech 
nique for studying the surface structure ot the materials 
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Partial substitution of Cu by K in muliicomponenl glassy precursor for high T^ - superconductor viz 
Bi2-xPbjfSr2Ca2Cu3O5(x = 0.1? .3) is found to destroy superconductivit>' of the corresponding 
annealed phase. These glasses viz. Bi2_xPbjSr2Ca2Cu3_^K^O; (.v = 0.1? .3. >' = 0.2). however, 
show ferroelectric transitions (between 500 and 530 K depending on x). The corresponding K free 
glasses are not ferroelectric but they are good precursors for high T^• superconductoi. 
Nanocrystaliine particles/clusters (~10? 0 nm size) embedded in the K doped glasses, observed 
from transmission electron microscopic studies, are considered to be responsible for the ferroelectric 
behavior of the bulk glass nanocrj'stal composite (GNC). Unlike K free glasses, the K-containing 
glasses do not become superconductor by annealing them at higher temperature. This indicates 
suppression of superconductivity by the precipitation of ferroelectric nanopailicles in the K doped 
GNC. Though their dielectric behavior is different, both the K free and K containing glassy systems 
are semiconductors and follow the similar nonadiabatic small polaron hopping conduction 
mechanism (obeying Holstein condition). A comparative study of the properties of the tv\o glassy 
systems showing distinguishing behavior has been made. 2 2003 American Institute of Physics 
[DOl: 10.1063/1.1586971] 
I. INTRODUCTION 
Traiisition metal oxide glasses are interesting because of 
their probable technological applications.'' The semicon-
ducting behavior in these glasses is due to the small polaron 
formation and hopping of these polarons from higher to the 
lower valence states of the transition metal ions (TMl). After 
the discovery of Bi based high Tc superconductors, it was 
noticed that some of the multicomponent glasses like 
Bi4Sr3Ca3Cu40,, Bi2Sr2Ca2Cu30x, 
Bi4_yPb^Sr3Ca3Cu40jr, etc. (referred to as SO glass) are 
very' good precursors for high 7'c superconductors."*' These 
glasses become superconductors (mostly 2223/22)2 type)"' 
by annealing them around 840^)1 for about 24 h. Recently 
Bahgat et al' prepared Bi based Bi, gPbo 3Sr2Ca2Cu2 gKo 20^-
•'Author to whom correspondence should be addressed, electronic mjil 
sspbkc@mahendraiacs res in 
glass and considered it as a homogeneous multicomponent 
glass. They also reported ferroelectric (FE) behavior of this 
glass with ferroelectric Curie temperature 7"cf around 530 K. 
Here we should mention that it is a long-.standing problem 
whether FE transition with spontaneous polarization is pos-
sible in pure homogeneous inorganic oxide glassy system. It 
is then dilTicult to justify ferroelectricily from ciTstal sym-
metry consideration. Lines'" considered theoretically the 
possibility of FE phase in pure glass. But ferroelectricity has 
so far not been observed in pure glassy system even though 
FE ordering has been obser\'ed in liquid cr>siallino 
medium" where some kind of molecular order is prescnl 
Multicomponcnl vanadate and phosphate glu.sscs doped 
Ua'liO-i and SrliOj have also been studied eailiei'" '^  show-
ing high dielectric constant due to the presence of nanocrys-
taliine ferroelectric phases embedded in the glass matrix 
(formed during glass formation from melt b> fast quench-
ing). Recently high dielectric constant observed in 
0021-8979/2003/94(2)/1211/7/$20 00 1211 ' 003 American Institute of Physics 
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TABLE 1. Some parameters for the Bi,_,Pb,Sr;Ca,Cu,gK„3O^(x = 0 0,0 1,0 2) and 
Bi,,Pbo3Sr2Ca2Cu2tK«20j (Pb31C2) FG glasses Tg, T,, density, and »» are obtained from the expenmental 
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'Indicates tlie parameters obtained from the Mott Gq (1) 
''Indicates the parameters obtained from the Schnakenberg Eq (2). 
CaCu3Ti40|2 has also been attributed to the grain bounda/y 
(internal) instead of an intrinsic property associated with the 
crystal structure." Even in the Bi4_,Pbj(Sr3Ca3Cu40i type 
glassy precursor for high Tc superconductor, we noticed 
nanoci>stalline phases, precipitated during glass 
formation."''* So the appearance of ferroelectricity in the 
homogeneous single-phase Bi1.gPbojSr2Ca2Cu2.gKo.2Of type 
glass (hereafter referred to as FG glass) is not beyond ques-
tion. Microstructural, transport and dielectric properties of 
these K doped FE glasses are expected to be interesting for a 
deeper understanding of FE transition in this glass. A proper 
characterization of this glass is also interesting for techno-
logical application. Ferroelectric thin plates or films can also 
be prepared from the glassy phase. 
In the present article, microstructural [using the trans-
mission electron microscopic technique (TEM)], transport 
and dielectric properties of a typical K-containing (FG) glass 
have been studied and the results have been compareJ with 
those of the corresponding K free SG glasses which are not 
FE but good precursors for high Tc superconductor. We no-
ticed that the K containing glasses showing FE behavior are 
not homogeneous single-phase glass but they are all glass-
nanocrystal composites (GNC). Moreover, annealed K doped 
glasses are not superconductors. The nanocr>'stalline FE 
phase is considered responsible for the ferroelectricity in the 
K doped glasses and the suppression of superconductivity. 
II. EXPERIMENT 
The FG type Bi2-;,Pb,Sr2Ca2Cu2.8Ko.20f (x = 0.0, 0.1, 
0.2, and 0.3) glasses showing FE behavior are prepared by 
partially replacing Cu with K in a typical Bi-based glassy 
precursor for high Tc superconductor (SG) viz. 
Bi2-xPb,Sr2Ca2Cu30y. The Bi2-^Pb,Sr2Ca2Cu2 8Ko204 
type FG glasses, termed as PbOK2, PblK2, Pb2K2, respec-
tively, for j ; = 0.0, O.I, 0.2, and Pb3K2 (FG) for 
B'i.«Pbo.3Sr2Ca2Cu2 gKo.20j are prepared by a similar 
method as discussed in our earlier articles'" •'•"'* by quick 
quenching from the respective high teinperature melts at 
1100? 150 J?( depending on Pb concentration. X-ray diffrac-
tion (XRD) analysis using CuK„ radiation confirmed the 
amorphous state of all the melt-quenched glasses. Differen-
tial thermal analysis (DTA) at a heating rate of lOJfjI/min 
from room temperature to 900 °C was made 10 find the glass 
transition (Tg) and cr>'stallization (T.^ ) temperatures. A small 
endothermic peak was also observed from the DTA cui-ves 
var>'ing between 500 and 530 K depending on Pb conccnira-
lions (A: = 0.r? .3). The room temperature susceptibility was 
measured with a vibrating sample magnelometer (model 
150) for all the samples showing paramagnetic behavior. The 
transmission electron micrographs of the said FG t\pe 
glasses were obtained by Hitachi model H600 with fine glass 
powder on carbon grids. The conductivity of the samples 
from 80 to 450 K was measured similarly to our earlier 
work*'*'*'* using programable electrometer (Kcilhley model 
617). Gold electrodes were deposited on both the surfaces of 
the samples by the vacuum sputtering technique for better 
contact. The dielectric constant of the samples with the same 
type of electrodes was measured by the HPLCR meter simi-
lariy to our earlier work.*'^ ''-* The temperature was measured 
with a nanovollmeier (Keithley model 181) within an accu-
racy of 0.5 K. 
111. RESULTS AND DISCUSSION 
The Tg and 7\ values of the FG glasses arc shown in 
Table 1. For a typical FG glass v/r (Pb3K.2). the glass tran-
sition (Tg~673K}, and cr>'stalli:£alion (7\~703K) tem-
peratures obsened from the DTA trace agree quite well, re-
spectively, with those of 667 and 717 K reported in Ref 9 
The TEM micrograph of this Pb3K2 glass shown in Fig. l(aj 
clearly indicated the presence of microcrystals/clusters 
(10? 0 nm size). The large cluster of a selected region of (a) 
is shown in Fig. 1(b). The FG glasses are, therefore, not pure 
single-phase homogeneous glasses but they are glass nano-
composites (GNC). These nanocrystals are, hov\e\er, not al-
ways cleariy detected from the XRD patterns due to their 
relatively small si/.e (-10? 0 nm) and low conccniraiion ,^ 
embedded in the glass matrix. 
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(b) 
FIG 1 TEM for (a) the as quenched Bi, ,Pbo jSrjCaiCuj ,Ko lOi glass and 
(b) large cluster of the selected regiott of (a). 
The concentration of the nanoparticles slightly increases with 
the increase of Pb concentration. These nanoparticles are 
considered to be responsible for the ferroelectric behavior of 
K containing glasses. 
Interestingly, as mentioned earlier, the K free SG glass 
becomes a superconductor*^ by annealing around 840 Kl-
But due to the presence of alkali metal (partial substitution of 
Cu by K) in the SG glasses, they show FE behavior f nd do 
not become superconductor by annealing around 840 4?(. 
Figure 2(a) shows the thermal variation of resistivity of the 
annealed FG glass and Fig. 2(b) demonstrates the same for 
the aimealed SG glass showing its superconducting nature. 
Therefore, presence of K and, hence, the appearance of fer-
roelectricity suppresses superconducting behavior of the an-
nealed FG glass sample. The electrical conductivity of Bi-
based precursor glasses (SG) viz. Bi4Sr3Ca3Cu40;t + Ag20, 
(Bi,Pb)4Sr3Ca3(Cu,A)40, (A=Cr, Mn, Fe), elaborately 
studied earlier,' 4.5,16' S Indicated that (i) these glasses become 
superconductors by annealing above the glass transition tem-
perature, (ii) they are semiconductors between 450 and 10 K 
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FIG 2 Thermal variation of the resistivity of (a) annealed 
Bi,,Pbo3Sr2Ca2Cu2jKo20i (FG glass) which is a nonsuperconductor and 
(b) BijjPboiSrjCajCujO, (SG glass) showing superconducting behavior 
of temperature, (iii) in the high temperature region ( / 
>2S5K=6i)/2, dp !•> the Debye temperature), the conduc-
tion process is dommated by thermally activated nearest 
neighbor hopping of small polarons, (iv) below 0j)/4, the 
variable range hopping conduction is valid, and (v) the SG 
glasses are «-t>'pe semiconductors from the measurement of 
thermoelectric power. The Bi-based K doped FG glasses also 
show the same transport behavior except (i). The K contain-
ing FG glasses also showed little ionic conductivity and the\ 
are PR in contrast to the behavior of SG glass Like SG 
glasses, the high temperature conductivit\ data of both the 
Downloaded 31 Jul 2003 to 140.117.11.105. Redistribution subject to AlP license or copyright, see http://ojps.aip.org/japo/japcr.jsp 
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FG and SG glasses can be well fitted with small polaron 
hopping model" viz. 
C { l - C ) e x p ( - 2 a « ) e x p | - ^ l , (1) 
where v^ is the optical phonon fi-equency, R is the average 
Cu u spacing, N is the number of transition metal ions 
(Cu) per unit volume (Table I), and C is the ratio of the TMl 
concentration in the low valence states to the total TMI con-
centration. The values of C for all the glasses were estimated 
from the room temperature magnetic susceptibility and den-
sity data (Table I). In Eq. (1), a" ' , *, and Tare, respectively, 
the localization length of the 5-like wave function assumed to 
describe the localized states at each transition metal ion site, 
the Bollzmann constant, and the absolute temperature. The 
aclivaiion energy W arises tVom the eleclron-lallice interac-
tion and/or the static disorder and can be expressed by, W 
= W„+ WDI2, for T> dol2 and W= W^ for 7'< O^JA (where 
Wn is the polaron hopping energy and W'D ''• ^^^ to static 
disorder). Figure 3(a) shows the plot of logo- ;^ vs. T"' for 
various compositions of Pb and similar cur\'es were also ob-
tained for the Bi-based precursor glasses (SG) studied 
earlier*""'* as shown in Fig. 3(b). For the SG glasses, the 
conductivity increases with the Pb concentration and conse-
quently activation energy W decreases. On the contrar>', for 
the FG glasses like Pb3K2, the conductivity sharply de-
creases with Pb concentration. The values of W of FG type 
glasses are, however, comparable to those of other SG 
glasses like Bi4Sr3Ca3Cu40;t. 
(Bi4_^Pb,)Sr3Ca3(Cu4-^.AJO, (A=Cr, Mn, Fe)."-^'" * It 
is also noted that both concentrations and average particle/ 
cluster sizes of the PbOK2, PblK2, Pb2K2 glasses are 
smaller than those of the Pb3K2 (or FG) glass. A phase sepa-
ration seems to occur around this particular concentration 
(Pb3K2) of the FG glasses showing lower value of conduc-
tivity with larger grain/cluster size (~50 nm average grain/ 
cluster size). Insulating character of the larger ferroelectric 
particles/clusters of the FG glass is responsible for the low-
ering of conductivity of the glass. The values of BD , esti-
mated from Fig. 3(a) (from the point where the change of 
slope occurred) are little less (Table 1) than those of other 
binar> or ternary transition metal oxide or SG glassy 
precursors.*-'* All ±c parameters fitting the high temperature 
\T> 61)12) conductivity data [Fig. 3(a)] with Eq. (1) are 
shown in Table I. The phonon frequency iipi,(~ 10'^Hz) of 
FG glass is little smaller than that of the SG glass 
(~10'"'Hz) which become high T^ superconductors bv 
annealing.*-*'*'' « 
For the FG glasses we also tried to check the conduction 
mechanism (adiabatic or nonadiabatic) using Holstein 
condition^" viz. polaron band width J 
>{lkTWnlny'*{hv^lTr)^'^ tor adiabatic and J 
<(2kTW„l'n)^'*(hv^lTry'^ for nonadiabatic hopping 
mechanism. 7 can be independently calculated frim J 
= e^[N(,Ef)/ep]"^ where £p is the effective dielectric 
constant. '^ Using this relation and the earlier condition, FG 
glasses are found to follow the nonadiabatic small polaron 
hopping conduction mechanism similarly ta ihat of the SG 
glasses. The estimated average site hopping distance, R, and 
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FIG 3 (a) Vanation of logtr^c vs lOOO/T" for Bii-.Pb^SrjCazCujjKozO, 
glasses The solid line is the best fit with Eq (1) (b) Thermal vanation of 
log(r^asa function of 1000/7- for Bi,,Pb„|Sr,Ca,Cu40, (SG glass) 
polaron radius r^ (estimated from the equation---^ r^ 
= l/2(v/6N)"^ shown Table 1 of the FG glasses are also 
comparable to those of other Bi-based SG glasses mentioned 
above*' -'*' ' and satisfies the condition^* (rp<R) required 
for the small polaron hopping conduction mechanism. For ail 
the FG glasses, ionic radii of Cu^ and Cu^ '*^  are, respec-
tively, 0.96 and 0.69 |ig nd <rp<R. Small polaron theory 
also requires^* a~'<r^</? that is further satisfied for the 
FG type glasses similar to those of SG glas.ses. For an esti-
mation of hopping energy W^ and disorder energy H-'/j. ihe 
conductivity data are also fitted with a generalized polaron-
hopping model proposed by Schnakenberg. '^ The tempera-
\ -<y- Bi„Pbo,Sr3Ca,Cu,0, 
0 (SG glass) 
« 
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FIG 4 Vanation of log(<7jjr) vs lOOO/r for Bii-jPbjSrjCaiCujiKojOi 
glasses The solid line is the best fit with Eq (2) 
ture dependent conductivity in this model has the form (for 
T>eo/2): 
o'dc7'=o"o[sinh(/juph)]"^ 
Xexp hv. tan' —'^^ 
W 
e x p l ^ l . (2) 
where O-Q is a temperature-independent parameter and p 
= MkT. The experimental conductivity data of the FG 
glasses fitted with Eq. (2) is shown in Fig. 4 (solid line). The 
corresponding parameters WH, W^, and v^ are given in 
Table 1 for comparison. The disorder energy W^ is also com-
parable to those of SG glasses.^ ^  It appears that only the 
dipolar ordering (causing ferroelectric behavior of the FG 
glass nanocomposite) in the nanoclusters of the FG type 
glasses suppresses superconducting behavior of these glasses 
in their annealed ceramic phases. 
/ 
/ 
-O Bi Cu O Bi O— 
/ O 
FIG 5 Network structure model of Bi4Sr3CajCu40, glasses Some fraction 
of Cu^ ions connects distorted BiO^ octahedra. In the K-doped FG glass, Cu 
ions are partially replaced by K ions 
The structure of Bi r a u glasses depends to a 
great extent on the Cu content and its valence state."* So the 
addition of alkali metal (K, say) in the Cu site distorts the 
average structure of the K-free SG glass to a great extent. 
Though both BiiOj and CuO are not glass-forming oxides, it 
is well established that both Bi203 and CuO are necessary to 
form a glassy state in the Bi r a u system as re-
ported by several guthors.^ ^"'* BiiOj enhances the glass-
forming ability in tho Bi-based system and. hence, in the SG 
and FG systems, Bi;.03 acts as ?glass former? in the pres-
ence of CuO. It has been reported^' that Bi' "^  ions are six 
coordinated (distorted BiO^ octahedra) in the Bi-based 
glasses. The oxygen coordination number of Cu'^  in CU2O is 
2 and that of Cu^ "*" in CuO is 4. The density of CuO is more 
than CuiO, concluding that CuO structure is more compact 
than that of CU2O. Recently Sato et al •"^  proposed a glass 
network structure unit shown in Fig. 5. In this model, BiO,, 
octahedra are connected to other octahedra through two-
coordinated Cu"^  ions and particularly in the K free SG type 
glasses Cu"*" ions take part mainly in the formation of net-
works. The other cations of Cu^*, Ca^*, and Sr^ *^  may be 
distributed randomly in the surrounding network. Partial re-
placement of Cu sites by K change some ionic states of Cu 
and distorts the glass network structure in favor of dipolar 
ordering and, hence, appearance of ferroelectricitv as ob-
served from the dielectric properties discussed later. The dif-
ference between the glass structures of SG and FG can be 
compared in terms of the oxygen molar volume"' ^ VQ. 
The value of VQ of the present glasses is calculated by using 
the equation 
/ * _^-'^^CvO~ 16C)A"cuO+ ^K'^^K'*' ^fca^Ci'^ ^^Sr^Sr'*' l>^?b^?h+ '^ -^Bi^ Bi 
1 n — 4 ( 5 - C).^cuO+3;rK+3;rc.+ 3A'sr+ 1 A-pb+ 3^B.] 
where iV/cuo. '^K' ^ct- ^^ sr> ^Pb. ^^ '^BI ^^ 'he mo-
lecular weights of CuO, K2CO3, CaCOj, SrCOj, PbO, and 
BiiOs, respectively. A'cuo. -^K' -^ Ca. -^sr. -^ Pb. an<l -^BI ^^ 
the mole fraction of CuO, K2CO3, CaC03, SiCO,, PbO, 
and Bi203, respectively, d and C are, respectively, the den-
sity of the glass and fraction of reduced Cu ion. Both 
r^ (400 451) and f'5( 14.52) of the FG glass are little higher 
than those of the K free SG glass (7"^ ,= 340 4^ 1, VQ 
= 11.23). This indicates K doped glass has a more stable 
glass network structure than that of the K. free SG glass 
However, the network structure also depends on the K and 
Pb concentrations. 
Dielectric constant of the Bi-based glass\ precursor for 
high Tf superconductors (SG glasses) did not show any 
ferroelectricity." The temperature measurement of the di-
electric constant of the .samples was repeated with ditTerent 
samples of same compositions and dielectric constant data 
v\ere found to vary within 5% (as discussed later). Figure 
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FIG. 7 Plot of l/e* vs T for (a) Bi,,Pbo3Sr2Ca2Cu2,K<,jOi (FG glass) 
showing FE transition and (b) Bij ,Pbo |SrjCajCu40, (SG glass) showing no 
FE transition 
6(a) shows the variation of the dielectric constant of a typical 
FG glass Pb3K2 as a function of temperature for different 
frequencies 0.1, 0.12, 1.0, 10, and 100 kHz. The appearance 
of small broad peak in the (c '-70 curve [Fig. 6(a)] around 
600 K along with the large peak for every frequency indi-
cates the presence of the relaxation mode in the glass. Figure 
6(b) shows the same for the PblK2 glass. The e' (real part of 
dielectric constant) values of the FG glasses are little larger 
than those of the Bi-based multicomponent SG glasses.'*' 
This is due to the presence of large number of nanocrystal-
line phases in the FG glasses with higher dielectric constants 
(lower conductivit)'). It has already been shown'* that the 
dielectric constant of nanocrystalline T1O2 is much larger 
than that of the corresponding bulk saniple. 
The dielectric constant data of the FG glass follow the 
Curie eiss relation e' = CI{T—TQ), where C is the Curie 
constant. 7"o is the extrapolated intersection of the high tem-
perature part of the plot with the temperature axis as shown 
in Fig. 7(a) with two different frequencies. Similar ferroelec-
tric behavior was observed with the other two samples 
(PblK2 and Pb2k2) of different concentrations (not shown in 
the figure) with ro = 454 and 460 K for PbiK:2 and Pb2K2. 
respectively. The observed transition temperature TQ 
= 466K is close to the value 470 K obser\'ed by Bahgat 
et al^ for similar sample. The order of the transition is iden-
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tified by finding the ratio of the slopes di Ue)/dT [in Fig. 
7(a)] below and above Tcf. The value of this ratio(= -2.63) 
indicates that the transition is of first order type. In case of 
second order phase transition, TQ is practically the same as 
the transition temperature or the Curie point Tcf, while in 
case of a first order transition TQ is lower than the Curie 
temperature Tc/- Tc/ is found to vary from 500 to 530 K 
depending on Pb concentrations. It is more interesting to 
mention here that for any of the K-free superconducting pre-
cursor glasses (SG glasses) becoming superconductor by an-
nealing, the plot of 1/e' vs. T shown in Fig. 7(b) for a typical 
SG glass Bi3 9PboiSr3Ca3Cu40, does not at all match with 
that of FG glass showing ferroelectric behavior [Fig. 7(a)] 
Detailed analysis of the diclcclric properties of other SG 
glasses without showing FE behavior has already been made 
earlier.'*'* 
IV. CONCLUSION 
In conclusion, the glassy precursors for high /"c super-
conductors (SG glasses) show ferroelectric behavior when 
Cu is partially substituted by K. This K containing FG glass 
showing ferroelectric transition is not a single phase homo-
geneous glass but it is a GNC. Ferroelectricily in these 
glasses appears due to the presence of ferroelectric nanocrys-
talline particles/clusters embedded in the glass matrix. In the 
annealed FG glasses superconducting behavior is suppressed 
by alkali metal (like K) doping in the Cu site. Such substi-
tution modifies the network structure of SG glass (Fig. 5). So 
ferroelectricty in pure single phase glass has not yet been 
observed. Present investigation also suggests that though fer-
romagnetism and superconductivity might coexist in the 
same material, coexistence of ferroelectricity and supercon-
ductivity in the same material is yet to be explored. 
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Abstract 
Oxynitride glasses in the system VN-PbO-lbOj with different compositions 
were fabricated and X-ray pbotoelection spectroscopy (XPS) of these glasses 
were studied. The glasses were melted, using VK, PbO, and TbO] reagent 
chemicals, in flowing Nj atmosphere at 750* C for 1 h, and the melt was then 
rapidly press quenched. 
X-t^ diffraction PCBJD) and differential thermal analysis (DTA) indicated 
amorphous nature of these glasses. The XPS analysis revealed presence of 
VH V^, V*+ Pb»+, Pb*+. Tk**. and Te in the glasses. The presmce of VN 
containing 8-10 atomic percent (at%) VN confirmed vanadium-tead-
tellurous oxynitride glasses. These VN contents corresponded to an equivalent 
content of 1-2 at.% N in the glasses. %Iues of Cv = [V**]/av**l + [V»+]) 
were calculated from areas of separated XPS peaks corresponding to V^ 
and V^ for different glass compositions. Some redox reaaions assumed 
in the glass melts explained qualitatively changes in the Cv value. 
1. Introductjon 
Recently oxynitride glasses have been widely studied to 
investigate their preparation method, structure, and proper-
ties different from those of oxide glasses. Mulfinger [I] 
reported earlier that soda-lime-silica glasses melted with 
addition of 5 wt% (0.74 mol%) Si^ti^ produced an 
oxynitride glass containing 1.2 wt% (0.17 at.%) N j in the 
glass. Later, oxynitride glasses in the system Y-Si-Al-O-N 
containing N j up to 7 at.% were fabricated [2]. Makishima 
et al. fabricated La-S i -0 -N oxynitride glasses with N2 
up to 18.2 at.% by glass melting under 30 atm N j pressure 
[3]. Nitrogen in oxynitride glasses is bonded to Si [2,4,5], 
and increasing N j amount increased hardness of oxynitride 
glasses [2]. Studies on phosphorous oxynitride glasses were 
recently reported [6\. No works, however, are found on 
oxynitride glasses based on tellurite glass matrix. 
It is known that transition metal oxide glasses, for 
example, vanadate glasses, are semiconducting glasses [7\. 
The conduction mechanism has been understood by the 
Mott-Austin small polaron hopping model [8]. Recent 
reports on vanadium tellurite glasses [9,10] also confirm 
the small polaron hopping conduction. 
It is expected that when vanadium-tellurium-oxynitride 
glasses are fabricated their semiconducting properties are 
varied by possible structural changes due to nitriding. Since 
ViOs-PbO-Te02 semiconductive glasses have been pre-
pared [11], we report in the present work fabrication of 
V-Pb-Te-0 -N oxynitride glasses in the possible 
VN-PbO-Te02 system and results of their XPS 
investigations. 
fhysica Scripta T97 
2. Experimental procedure 
Glasses were prepared using VN (97.5%), PbO (99.9%) and 
Te02 (98,0%) reagent grade raw materials. PbO was added 
for stabilizing glasses. We prepared four glass samples with 
different glass compositions: VN:PbO:Te02 = 50:10:40 
(mol%) (sample A), 40:10:50 (sample B), 30:10:60 (sample 
C) and 20:10:70 (sample D). After mixing raw materials 
of prescribed composition in air for 20 min in an agate 
mortar, the batch was melted in an electric furnace in flowing 
nitrogen gas atmosphere (flow rate: 50 ml/min) at 750°C for 
1 h. The melt was then rapidly press-quenched between two 
flat copper blocks at room temperature. This quenching pro-
duced glass samples of 10 x 10 cm^ size and about 1 mm 
thickness. The glass density of each sample was determined 
by the Gay-Lussac method using toluene at 293 K. 
Characterization of the quenched glasses was made by 
X-ray diffraction (XRD) (Rigaku, RINT2000, Tokyo, 
Japan), TG-DTA (Rigaku, TAS300) and X-ray 
photoelectron spectroscopy (XPS) (ULVAC-PHI, 
Chigasaki, Japan). In XPS measurements, data were taken 
for all the glass samples after 10 s sputter-etching in argon, 
and carbon correction was made. 
3. Results and discussion 
Figure 1 shows X-ray diffractogram (CuKa) for a 
VN-Pb0-Te02 glass for the samples A-D with different 
compositions (Table I). Broad humps at 2d equal to 
ca. 27° are observed, which confirms the amorphous nature 
of these glasses. Thus we could obtain a series of glasses 
in the VN-Pb0-Te02 system. DTA curves for these glasses 
indicated characteristic temperatures of glass. For the glass 
sample D, the glass transition temperature T^ was 289°C, 
the crystallization temperature, Te = 389''C, and the melting 
temperature, T^ = 59T'C. The value of T^ was almost 
unchanged for increasing VN content. 
Figure 2(a)-(c) show XPS spectra for V, Pb, and Te 
element for glass A, VN:PbO:Te02 = 50:10:40 (mol%). 
Figure 2(a) indicates XPS spectra for V 2p3/2 of glass A, 
where the main peak is separated to a peak corresponding 
to V ^ with binding energy 517.56 eV and that to V*+ with 
binding energy of 516.41 eV, respectively. Together with 
these peaks, a peak due to VN with 514.60 eV is observed, 
suggesting presence of VN bonding in the glass network. 
Possible structural units of VN in the glass network may 
be = V = N - 0 or s V = N - 0 . 
Figure 2(b) shows XPS spectra for Pb 4f7/2 of sample A, 
indicating a peak for Pb^* with binding energy of 138.88 eV 
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F\g. L X-ray diffraction patterns of VN-PbO-1eOi glasses. (A) 
VNJ'bO:1eOj = 50:10:40 (mol%); (B) VNJ>bO:TeOi = 40:10:50 (mol'/.); 
(QVN:PbO:TeOi = 30-10.60 (mol%);D)VN-PbO:TeOi= 20-10:70 (niol%). 
and one for Pb*''' with binding energy 138.55 eV, 
respectively. Thus we confirm presence of Pb^''' and Pb*''' 
ions in the glass m-dtrix. Since PbO was used -.is a raw 
material the presence of Pb** ions means the oxidation 
of Pb^* that was contained initially in the glass melts. 
Figure 2(c) gives XPS spectra for Te 3dj/2 of glass A. This 
peak can be separated adequately to sub-peaks correspond-
ing to Te^* and Te of which the binding energy is 576.41 
and 576.55 eV, respectively. Since TeOj was used as a 
raw material for the glass fabrication, the presence of Te 
in the glasses indicates a reducing action of TeOj during 
melting. The XPS spectra for the glasses B, C, and D were 
found to be similar to those above for glass A. Presence 
of 01s spectra for the samples was also confirmed. 
Table I summarizes the XPS results for VN, V, Pb and Te 
ions obtained from Fig. 2 (a)-(c), which includes content 
(at.%) of each ion, ratio of atomic percent for the ion of 
the same kind but having different valencies, and, in par-
ticular, values of Cv = [V**]/([V*'^ ] + [V*"^ D relating to elec-
tric conduction of these glasses. 
Figure 3(a)-{c) show relative atomic percent for V and Te 
ions with different valencies for the glasses A-D, calculated 
from the integrated area of each XPS peak. In Fig. 3(a) 
for VN= 50-20 mol% (Te02 = 40-70 mol%) approximately 
fixed content of VN is present in the glasses. With increasing 
TeOi content the relative concentration of V^* decreases but 
that of V^* increases. This indicates a fabrication of 
vanadium oxynitride glasses in the Te02 gliiss network, 
and is similar to the oxynitride glasses obtained by 
oxynitriding of SiOj-based glass using AIN raw material [2]. 
The presence of V** and V^* ions in the glasses suggests 
oxidation of V'"'' in VN in the glass melts. This is favorable 
for preparing semiconducting glasses of which electric con-
duction are due to the valence exchange between V** and 
V^"*" ions. Such semiconductive glasses containing transition 
metal ions have been extensively studied [7,12]. From the 
VN content listed in Table I it is confirmed that a 1-2 at.% 
N is equivalently involved in the glasses. 
Figure 3(b) indicates relative atomic percent of Pb^* and 
Pb^ "*" ions in the glasses, where the Pb*"*" content decreased 
with increasing TeOj amount but the content of Pb^ "*" 
increased. This m-ay be due to preferred oxidation of V ions 
by O2 decomposed from Te02 as shown in Eq.(l), which 
decreases the amount of O2 necessary for oxidizing PbO. 
In Fig. 3(c) the concentration of Te^ "*" in the glasses 
incre-ases with increasing Te02 content. But in contrast 
the Te content decreases with increasing Te02 (Fig. 3(c)) 
content. The increasing Te content for larger amount of 
VN accompanied with V** and V^+ contents (Fig. 3(a)) 
suggests a reducing reaction of Te02 which oxidizes V ions 
in the glasses on the glass melting. 
Next we discusts redox reactions in the present glasses. 
From the presence of VN, V**. V^+, Pb^+, Pb^+, Te''+ 
and Te ions in the glasses (Table I), the following redox 
reactions in the glass melts are assumed: 
Te02-»• Te-f-O2. (1) 
VN-l-02-^V02-t-^N2. (2) 
V 0 2 + i 0 2 ^ i V 2 0 5 . (3) 
PbO-l-^02-* Pb02. (4) 
For larger amounts of VN, the reaction (1) proceeds and 
causes the reactions (2) and (3), producing V** and V^* ions, 
thus giving the large Cv value (0.710) as shown for glass A m 
Table I. Conversely, for larger amounts of Te02 (gl-ass D) 
and lower amount of VN, the reaction (1) is not probable 
because amount of O2 necessary for reactions (2) and (3) 
becomes the lower. This results in the low Cv value (0.653) 
(Table I). The PbO amount was relatively low (10 mol%) 
in these gl-asses, so conclusions -about the contents of 
Pb^+ and Pb^+ are rather difficult. 
4. Conclusions 
Oxynitride glasses of the VN-PbO-Te02 system were pre-
pared by the melt quenching method using VN, PbO, and 
Te02 raw materials melted in flowing N2 atmosphere. 
Table I. XPS results of vanadium, lead and tellurium ions in the glasses. 
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fig. 2. (a) XPS spectra (V2p3/j) of 50VN-10PbO-40TfcO2 (mol%) glass (b) 
XPS spectra (Pb 4f7/i) of 50VN-10PbO-401kO2 (mol%) glass, (c) XPS 
spectra (Te Sds/j) of SOVN-lOPbO-40'IeOi (mol%) glass. 
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fig 3 Relative atomic percent of (a) VN and V, (b) Pb and (c) Te ions m 
VN-PbO-1feOj glasses. 
The XPS analysis revealed the presence of VN, V**, V^+, 
Pb^+. Pb^ , Te*+ ions and Te in the glasses. The VN content 
in the glasses attained 8-10 at.%, and an equivalent 1-2 at.% 
N is involved. In these glasses the presence of =V=N—O or 
=V=N—O structual units was suggested. 
From the presence of these metallic ions in the oxynitride 
glasses some re dox reactions in the glass melts were assumed 
to occur, which could explain qualitatively changes in the Cv 
([V+J/CEV+J +[V5+D value for the different glass 
compositions. Electric conduction of these oxynitride glasses 
will be reported elsewhere in the near future. 
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DC Conductivity of VN-PbO-Te02 Amorphous 
Semiconducting Glasses 
S. Mollah 
Department of Physics, 
Aligarh Muslim University, 
Aligarh 
Temperature (80-450K) variation of dc conductivity of VN-PbO-TeOj glasses 
with different mol% of VN. PbO and TeCh have been reported. The glasses were 
prepared by usual melt cooling process from the melt at 750 °C to room 
temperature (25 °C) by quenching between two copper blocks. From XRD 
analysis, it is found that all. the glasses are amorphous in nature. The glass 
transition temperatures (Tg) of the glasses are found to be from 268.80-302.33 
°C from modulated differential scanning calorimetric (MDSC) analysis. DC 
conductivity of the glasses is found to vary from 1.875x10"* to 7.431x10'ohm" 
'cm"'at 360 K depending on the composition of the glasses. The carrier density 
determined was 0.45-2.1.x 10'' cm"^ . The conduction was confirmed to be due to 
non-adiabatic small polaron hopping between vanadium ions. The materials 
show oxygen gas sensing property in ceramic form. DC conductivity of the 
glasses is found to decrease in oxygen atmosphere compared to air at a 
particular temperature. 
INTRODUCTION 
There are two types of ceramic gas sensors, viz. n-type and p-type. The 
well-known n-type gas sensors are ZnO [1]. Sn02 (Pd+) [2], WO [3] and 
ZnO:Ga [4). Electrical conductivity of these sensors increases on the exposure to 
reducing gases at high temperature but that of p-t>T3e semiconductor such as 
CoO [5] increases on the exposiu-e of oxidizing gases. Some glasses containing 
transition metal o.xides e.g. V205-PbO-Te02 [6], VjOs-SnO-TeOz [7] and FcjOs-
Sb-TeO? [8] also exhibited oxygen p s sensing properties. 
Recently there has been considerable interest in the study of semiconductive 
glasses with non-conventional glass former, tellurium oxide. It is expected that 
the highly conductive telluride glasses to be potential candidate for oxygen gas 
sensors. These gas sensors have wide application in medical, environmental, 
industrial and sanitation fields. Hardly any work has been done to exploit the 
gas-sensing behavior of semiconductive oxide glasses. To the author's 
knowledge, no work has been done on the transport properties of VN containing 
telluride glasses. This paper reports the temperature variation of dc conductivity 
of VN-PbO-Te02 glasses. 
EXPERIMENTAL 
Reagent grade VN, PbO and Te02 raw materials with purity 99.999% or 
1388 
92 
more were used to prepare the glass samples (Table-1). 









Nominal Composition (mol%) 
VN PbO Te02 
50 10 40 
40 10 50 
30 10 60 
20 10 70 
40 20 40 
30 20 50 
5 gm of raw material for each sample with appropriate weight of VN. PbO and 
TeO; were thoroughly mixed in apte mortar and sintered at 200 °C for 2h. Then 
it was again grinned and melted at 750 °C. Each melt was kept at this 
terripeiature for Ih. The glasses were prepared by usual melt coolmg process 
from the melt at 750 °C to room temperature (25 °C) by rapid quenching 
between two highly polished copper blocks. This resulted the opaque black 
glasses with shining surfaces. X-ray diffraction (XRD) of the samples (in 
powder form) was taken by Rotofa.v 300 RU, Nigakumake, Japan, 
diffractometer at room temperature. Glass transition temperatiu-e (T )^ of the 
samples were determined from modulated differential scanning calorimetric 
(MDSC) analysis using DSC 2910, Modulated DSC, TA instruments. Dc 
conductivity of the glasses was measured by a two-probe method using 
programmable electrometer (Keithley-617) in the temperature range 80-450 K. 
RESULTS AND DISCUSSION 
Fig. 1 shows the XRD pattern of the glass samples having only a broad 
1iump-at-2-6-s-30''. Tlie scattering wave-rector-k-calculated-fromthe-Telation 
k=47iSin9/X gives the value of 2.11 A°"' which is typical for amorphous 
material. This confirms the amorphous natxue as well as the short-range order of 
the sample. Tj of the glasses were found to vary from 268.8 to 302.33 °C which 
is higher than those reported for telluride glasses [6]. Temperature variation of 
dc conductivity is shown in Fig.2, which shows the semiconducting behavior of 
the glasses. At a particular temperature, dc conduaivity of A glass is maximum 
and that of F glass is minimum. At 360K. dc conductivity of the glasses is found 
to vary from 1.785x10-6 to 7.43x10-9 ohm'cm''. This large variation may be 
due to the variation of VN in the glasses. 
Activation energy was calculated from adc=ao exp(-2aR) exp(-W/KT), 
where o.^ =dc conduaivity, Oo =pre-€xponential factor=Vphe^ C( 1-C)/KTR, Vph 
being the optical phonon frequency, R the average V-V spacing, a the wave 
function decay constant, W=aclivation energy, K=Bolt2man constant and T is 
the measuring temperature. W varies from . 139 eV (for A glass) to .229 eV (for 
F glass) at 333K. The increase of W with the decrease of VN is consistent with 
tlie variation of dc conductivity. The Debye temperature, Gp, (obtained from the 
slope of a^ c Vs lO'/T curve where it starts bending) varies from 285.7 to 400K. 
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The importance of tunneling term exp(-2aR) for the glasses could be understood 
by plotting logioOdc against W at a fixed temperature. The temperature T. 
estimated from the slope of such a plot would be close to the experimental 
temperatiu-e when the hopping is considered to be in the adiabatic regime. T. 
would be very different from the experimental temperature if the hopping is 
considered-to-be-in-the-non-adiabatie-regimc. The temperatures-estimated-froi 
such plots for T=250 and 400K are found as 406 and 675K respectively. Thus 
the higher values of T, from the corresponding experimental temperatures 
suggest non-adiabatic polaron hopping conduction in these glasses Uke Bi-Sr-
Ca-Cu-O glasses [9]. The adiabatic small polaron hopping condurtion is 
reported for VjOs containing tellurite glasses [6J. This may be due to smaller 
vanadium ionic radius in V2O5 compared to VN. At a particular temperature, dc 
conductivity of the glasses is found to decrease in oxygen atmosphere compared 
to air. 
CONCLUSION: 
The glasses are amorphous in nature. DC conductivity of the glasses 
decreases with the decrease of VN content. These glasses can be used as oxygen 
gas sensors at higher temperature compared to other telluride glasses as these are 
having higher T,. Further work is in progress on the measurement and analysis 
of other properties of these glasses. 
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nCURE CAPTIONS 
Fig.l: X-ray diffraction pattern of the glasses showing amorphous nature 
Fig.2: Thermal variation of dc conductivity (G^C) of the glasses 
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Abstract 
The room temperature EPR study of Fe"" ions in Bi.O,-PbO-Fe,0, glasses has been carried oul for different molar perceniuiies of 
Fe,0,. Spectra recorded at different molar strengths of Fe,0, in the glass differ from one another, hi each spectrum, there is more than 
one line, 'g' values of all ihe lines In each spectrum have been determined. Explanation of the origin of each spectral line has been 
attempted. On the mea-surement of the density of glasses, it was found that when the concentration of Fe^O, was increased at the cost of 
PbO concentration, the overall density decreased. It was also observed that the d.c. conductivity of the glasses increases with the increase 
of FejO, content. © 2001 Elsevier Science B.V. All rights reserved. 
Keywords: EPR; Fe" ion; Glass; Density; Conductivity 
1. Introduction 
Due to multifarious practical applications, glasses have 
been the subject of wide range studies. To (he authors' 
knowledge, there has been no report on the EPR and 
electrical conductivity of Bi,0,-PbO-Fe,0, glasses. II 
was thought worthwhile to investigate the EPR of these 
systems to understand the behavior of Fe'* ions and their 
site symmetries and measure electrical conductivity of 
these systems to understand the mechanism of electrical 
conduction. The density of these systems with different 
molar percentages of Fe,0, was also measured to under-
stand whether chemical reaction had taken place or not on 
the introduction of Fe,0, in the Bi-,0,-PbO glass. 
2. Experimental 
Analytical reagent-grade Fe,0,, PbO and Bi^Oj with 
99.9% purity are used as the raw materials to prepaie the 
glasses. With stoichiometric ratios of the compounds, the 
raw materials were mixed and ground in an agate mortar 
for 2 h. The mixture was kept at 500°C to evaporate the 
moisture (if any) for 2 h, cooled and again ground. Finally 
it was melted in an alumina crucible ut 1I00°C in an 
electric furnace for 2 h and the glasses were prepared by 
rapidly quenching the melt between two highly polished 
copper blocks from the melting lenipcialurc to room 
temperature in air. This gave opaque glasses with shining 
surfaces. In the picparalion of the ghis.scs, the molar 
percentage of B i , 0 , was always kept at 40% and the rest 
60% was divided between PbO and F e , 0 , . The samples 
are named (and hereafter will be referred to) as A, B, C, D, 
E, F and G as shown in Table I. A part of the glass was 
used for EPR study and a part of it was used for d.c. 
conductivity measurements. The density of the glas.ses was 
ineasured by Archimedes' principle using water as the 
immersion liquid. 
The EPR sptctra of the samples were recorded at room 
tempeialure, on a Jeol (JES-RE2X) ESR spectrometer 
Table 1 
Composition and density of Bi,0,-PbO--Fe,0, glasses 
•Corresponding author. Tel.: +91-571-701-001; fax: +91-571-701-
001. 
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2500 
Magnetic Field (Gouts) 
5000 
Fig 1 Absorption denvative versus magnetic field curves for BI3O,-
PbO-F^,0, glasses Compositions of FcjO, in different glasses are (A) 
1%, (B) 3*. (C) 5%, (D) 10%, (E) 30%. (F) 40%, and (G) 50% The 
position of the DPPH signal with ; = 2 0036 is shown by an arrow As the 
full absorption derivative curve is not observed, the g values correspond 
to the peak positions 
woriang at x-band with 100 kHz field modulation Dc 
conductivity measurement was done in the temperature 
range of 573-680 K The samples were pressed tightly 
between two platinum electrodes and the measurements 
were done using a Keithley Digital Multimeter (Model 
2000) Silver wires were used for connections 
3. Results and discussions 
The EPR spectra of the BijOi-PbO-FcjO, glass of 
different compositions are shown in Fig 1 In these 
systems, only the Fe ions are EPR probe The g values of 
different signals in the EPR spectra for <iifferent com-
positions of the glasses are shown in Table 2 In the 
spectra (Fig 1), there are five distinct regions of g values 
Table 2 
The g values of different signals in the EPR spectra for different 


























(Table 2) In glass, the lines with g values of approximate-
ly 6 2 and 4 2 have been observed by the earlier workers 
[1] and have been attiibuted to F e " ions with rather large 
crystal field splitting The two sets of lines with g values in 
the range 7 442-7 723 obtained in B and C and in the 
range 4 316-4 496 obtained in A and B may be the 
characteristic lines of Fe * ions in the glass A hne of g ^ 2 
IS usually observed in glasses and is attnbuted to pre 
dominantly octahedral surrounding of Fe * ions Lines 
occurring m the range of 2 356-2 804 in A, B, C, D and m 
the lange of 1 927-1 998 in E, F G may belong to this 
origin with F e " ions in diffeient site symmetries oi Fe 
ions entering into the cluster formation The two close 
signals in the range of 2 356-2 804 observed in A B, C 
may represent the g , and g ^ components of one signal As 
the Fe^* content is higher in D compared to A, B, C, the 
signal has not been resolved As the concentration of Fe 
ion IS much highei m E, F, G compared to A, B, C, D the 
same signal might have shifted to g = 3 174 in E, F, G due 
to different type of cluster formation Marked difference in 
the EPR spectra of A, B, C, D from E, F, G may be due to 
the fact that at lower concentraUons, Fe^* ion may behave 
as foreign impurity but at higher concentrations, it be-
comes a component of glass 
The electrical conductivity of these glasses was mea-
sured to understand the mechanism of electncal conduc-
tion Fig 2 shows the log cr versus 1/r graph for different 
compositions It shows that the electncal conductivity 
increases with Fe * ion concentration Conductivity in-
cieases with teinpeiatuie, showing an oveiall semi-con-
ducting nature of the matenal Mechanism of conductivity 
is polaronic in nature Polaronic conductivity is less than 
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Fig 2 Inverse temperature variation of d c conductivity of Bi 0,-PbO-
Fe O, glasses. Starting from bottom Fe 0,= 1 5 30 and 40% 
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electronic conductivity as the effective mass and mobility 
of polaron are, respectively, higher and lower than those of 
free electron. There are three possible models [2,3]; (a) 
band conduction, (b) phonon-assisted conduction or con-
duction by hopping; and (c) variable range hopping. The 
phonon-assisted hopping (polaronic conductivity) (b) 
seems to be the most probable because the log cr versus 
\IT plot in Fig. 2 seems to be quite close to linear as 
required in (b). T^e deviation may indicate small contribu-
tion firom other mecharusms including ionic conductivity. 
As the conductivity depends upon the Fe * concentration, 
hopping sites may be mediated by Pb^* and Bi * sites. 
Tlie density of some prepared compounds were mea-
sured (Table 1). It was observed that their densities are 
different from what is expected (Table 1) if the substances 
would have been simply the physical mixture of three 
ingredients used in the composition. For a physical mix-
ture, the expected density has been calculated by using the 
formula, d = c^d^ + c^d^ + Cjdj where c values represent 
relative ratios of components and d values their densities. 
The measured and expected densities (Table 1) are differ-
ent. It shows that the chemical reaction has taken place and 
glass has been formed It was also observed that the 
measured density decreased when the concentration of 
FejOj was increased at the cost of PbO concentration in 
the glass. The reason may be that the density of PbO is 
higher than that of FCjO, 
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Preparation and Characterization of BijOa-PbO-R (R=Fe203, MnOz, 
CuO and V2O5) Semiconducting Oxide Glasses. 
C. Prakash, Arfat Firdous and S. Mollah 
Department of Physics, Aligarh Muslim University, Aligarh-202002, India. 
A series of BizOs-PbO-R (R=Fe203, Mn02, CuO and V2O5) glasses have been prepared from 
the respective melts to room temperature by rapidly quenching between two highly polished 
copper blocks. Bi203 was kept fixed (40 mol%) for all the glasses. The remaining 60 mol% 
was varied between PbO and R. PbO was kept between 59.9 to 50.0 mol% whereas R was 
varied between 0.1 to 10.0 mol%. Dc conductivity of all the glasses was measured at the 
temperature range (400-700K). The conductivity was found due to small polaron hopping 
conduction in the non-adiabatic region. At 650K, the conductivity of lmol% R was found to be 
maximum (-10"'' ohm''cm"') for R=Mn02 and minimum (~10'' ohm''cm'') for R=Fe203. The 
'g' values calculated from Electron Paramagnetic Resonance (EPR) signal varies from sample 
to sample. For all the samples one of 'g' values obtained nearly 2.0 whereas for R=Fe203 
sample 'g' values of 4.3,7.4 are also observed. 
INTRODUCTION 
The structural and transport properties of oxide 
glasses containing transition metal ions (TMI) have 
been studying with increasing interest. The 
fascinating transport properties in these glasses arise 
due to the presence of TMI in more than one valancy 
state. Strong electfon-phonon interaction in these 
glasses forms small polarons and the electrical 
conduction is due to the hopping of these pQlarons 
between the two valance states of the TMI [ij. 
Electron paramagnetic resonance (EPR) has been 
successfully employed to obtain information about 
the glassy network through the use of TMI dopants. 
EPR and optical absorption studies have been made 
for Fe'* ions in alkali-cadmium borosulphate glasses 
[2]. EPR and magnetic susceptibility measurements 
were performed on Fe203-Te02-B203-PbO glass [3]. 
Recently we have reported the EPR of Fe^* ions in 
BiiOj-PbO-FeiOs glass [4]. The 'g' values of 
different signals in the EPR spectra for different 
concentration of Fe^ ions were having some new 
values not observed earlier. Thus our intention was to 
study the EPR signal of the glasses prepared with 
Mn02, CuO and V2O5 in exchange of Fe203 in the 
same glass matrix (Bi203-PbO). This paper repots the 
dc conductivity and EPR of Bi203-PbO-R (R=Fe203, 
MnOz, CuO and V2O5) glasses. 
EXPERIMENTAL 
Bi203-PbO-R (R=Fe203, Mn02,' CuO •and'V203) 
contaming 40 mol% Bi203, 50-59.9 mol% PbO and 
10-0.1 mol% R glasses are prepared. Glasses 
containing 1, 3, 5, 10, 30, 40, and 50 mol.% of Fe203 
are symbolized as A, B, C, D, E, F, and G 
respectively [4]. Analytical reagent grade • Bi203, 
PbO, Fe203, MnOz, CuO and V2O3 with 99.9% purity 
are used as the raw materials to prepare, the glasses. 
According to the stoitiometric ratio of the samples, 
the raw materials were mixed and grinned in an agate 
mortar for one hour. The mixture was kept at 500 "C 
to evaporate the moisture (if any) for two hours, 
cooled and again grinned. Finally it was melted in an 
alumna crucible at 1000-1100 "C in an electric 
furnace for one hour and the glasses were prepared 
by rapidly quenching the melt between two' highly 
polished copper blocks from the melting temperature 
to room temperature in air. This gave the opaque 
glasses with shining surfaces. The samples were then 
annealed at 100 "C to reveal the micro-cracks (if any) 
at the time of glass formation. Parts of the glasses 
were used for EPR measurement and the remaining 
parts were utilized for dc conductivity measurements. 
Density of the glasses was measured by Archimedes' 
principle using water as the immersion liquid.. 
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For electrical measurements, both polished suifaces 
of samples were coated with silver paste. The silver 
coated samples were heat treated at 100 "C for the 
stabilization of the electrodes. DC conductivity of the 
samples was measured at the temperature range (400-
700K) using the Keithley Digital Multimeter (Model 
2000). Sufficient time was given at each temperature 
during measurement to obtain the stabilized value. 
The EPR spectra of the samples were recorded at 
room temperature, in X band (9.4 GHz) and 100 kHz 
field with a Geol type equipment. 
RESULTS AND DISCUSSION 
Amorphous nature of the glasses is confirmed from 
the XRD spectra, which shows only a broad hump at 
29=30°. The density of the glasses containing 10 
mol.% R vary from 5.958 to 6.524 g cm'' being 
minimum for FciOj and maximum for CuO (Table 
1), For same R (Fe203), the density of glasses 
increases with the decrease of R [4]. The same 
behavior is also observed for glasses with other 
transition metal oxides (CuO, MnOj, and V2O5). This 
result is consistent with the increasing concentration 
of heavier FbO and decreasing R. The calculated 
expected density also shows the same trend (Table 1) 
which confirms the proper naixing of the raw 
materials at the time of glass formation. Apparent 
molar volume (Vo*) occupied by one gm-atom of 
oxygen in these glasses is calculated from the relation 
Vo* = M/(np), where M is the molecular weight 
cdculated frt>m the composition, n is the number of 
oxygen atoms in one formula unit, p is the density of 
the glasses. It is observed that Vo' varies from 26.03 
to 26.89 (Table 1) for 10 mol% of R in the glass 
matrix. Thus the random topology of the glasses 
change with the change of R content The transition 
nil n.21 from 11.17x10" to 12.30x10" cm-' (Table 1). DC 
conductivity of the glasses increases with the increase 
1J21041jatjai«l«1441481481 J 0 1 ^ 1 ^ 1^1^18)102164 
10OyT(K') 
Fig.l Inverse temperature variation of 
conductivity of 40Bi2O3-59PbO-lR glasses. 
dc 
of mol.% of R for all the four types of glasses [4]. 
Figure 1 shows the variation of dc conductivity with 
inverse temperature for lmol% of R. Dc conductivity 
increases with the increase of temperature showing 
the semiconducting behavior of the glasses. At any 
temperature, the maximum conductivity is found for 
R= Mn02 whereas minimum is observed for R= 
FeiOa (Figure 1). 
The same behavior is also observed for other mol% 
of R. The activation energy and other parameters of 
the glasses confirm that the small polaron hopping 
(SPH) is the most probable transport mechanism in 
these glasses for dc conduction. 
metal ion (TMI) concentration (N) in the glasses vary 
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EPR spectra of Bi203-PbO-Fe203 glasses are reported 
in our recent paper [4]. The EPR spectra of the BijOs-
PbO-FeiOj glass in different compositions are shown 
in Fig.l. In fliese systems, only the Fe ions are EPR 
probe. The g-values of different signals in the EPR 
spectra are shown in Fig.2. In these systemSt only the 
Fe ions are EPR probe. The g-values of different 
signals in the EPR spectra for different compositions 
of the glasses are shown in Table 2. 
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In the spectra (Fig.2), there are five distinct regions of 
g-values (Table 2). The lines with g-values of 
approximately 6.2 and 4.2 have been observed by the 
earlier workers [5] and have been attributed to Fe'* 
ions with rather large crystal Held splitting. The two 
sets of lines with g-values in the range 7.442-7.723 
obtained in B and C and in the range 4.316-4.496 
obtained in A and B may be the characteristic lines of 
Fe^ ions in the glass. A line,of g « 2 is usually 
observed in glasses and is attri^ ^^^g j^Q^rg^pipinantly 
octahedral surrounding of Fe^ ions. Lines occurring in 
the range of 2.356-2.804 in A, B, C, D and in the 
range of 1.927-1.998 in E, F, G.may belong to this 
origin with Fe^ ions in different site symmetries or 
Fe^ ions entering into the cluster formation. 
noo 
Fig.2 Absorption derivative Vs. magnetic field curves for BijOs-PbO-FcjOs- glasses 
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The two close signals in the range of 2.356-2.804 
observed in A, B, C may represent the gri and gi 
components of one signal. As the Fe^ content is 
higher in D compared to A, B, C; the signal has not 
been resolved. As the concentration of Fe^ ion is 
much higher in E, F, G compared to A, B, C, D the 
same signal might have shifted to g=3.174 in E, F, G 
due to different type of cluster formation. Marked 
differences in the EPR spectra of A, 6, C, D from E, 
F, G may be due to the fact that at higher 
concentrations, it becomes a component of glass. 
The 'g' values of the EPR spectra of glasses 
containing CuO, Mn02 and V2O5 are found to be 
nearly 2 varying slightly from sample to sample. This 
is attributed to predominantly octahedral surrounding 
of Cu, Mn and V ions. 
CONCLUSION 
The dc conductivity at any temperature is 
maximum for Mn02 and minimum for Fe203 for same 
mol.%. The conduction in the glasses is due to small 
polaron hopping among TMIs. The measured and 
expected densities of the glasses conflrm the proper 
mixing of the raw materials. The room temperature 
(300K) EPR lines of Fe^ * ions in Fe203 containing 
glasses are found for the magnetic field corresponding 
to several g values as Usted in Table 2. But g = 2 for 
other glasses having R as CuO, V2O5 and Mn02 are 
observed. 
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ac conductivity of glassy Bi4_„Pb„Sr3Ca3Cu40, semiconductors (with n =0.0, 0.1, 0.5, and 1.0): 
Precursors for high-Te superconductors 
S. Mollah,* K. K. Som, S. Chakraborty, A. K. Hera, S. Chatterjee, S. Banerjee, and B. K. Chaudhuri 
Solid State Physics Department, Indian Association for the Cultivation of Science, Calcutta 700032, India 
(Received 9 August 1994; revised manuscript received 7 February 1995) 
Experimental results are reported for the temperdture- ( r = 77-450 K) and frequency- (cu= 10^-10* 
Hz) dependent (ac) conductivities (<7„) of Pb-doped Bi«_,Pb,Sr3Ca3Cu40, (n=0, 0.1, 0.5, and 1.0) 
semiconducting glasses. All these glasses show small clusters or grains of different sizes arising due to 
the phase separation as observed from the scanning electron microscopic study. The ac conductivities of 
these glasses follow the well-known relation crj,<i))= A{T)oi'. In these glasses the electron-phonon in-
teraction is strong enough to form small polarons and electrical conduction occurs by a small-polaron 
hopping mechanism. Like Li-doped Bi^ SrjCajCujO;, glasses, the exponents of all the present Pb-doped 
glasses are found to be a little higher than unity (1.1-1.2) in the low-temperature regime where a,^{o)) 
also shows little nonlinear variation with temperature. Similar values of J (^ 1) have also been reported 
in the literature for glassy nonoxide semiconductors. The experimental ac conductivity data have been 
analyzed with different theoretical models based on quantum-mechanical tunneling through the barrier 
and classical hopping over the barrier mechanisms. The correlated barrier hopping (CBH) model is 
found to be most appropriate for these glasses, explaining the behavior of both cr^ia, T) and its exponent 
s (except in the region where s>l). Other modeb, such as the quantum-mechanical tunneling model 
and the overlapping large-polaron tunneling model, are found to be inadequate to explain the general 
behavior of both temperature- and frequency-dependent a^c and s. The extended-pair approximation 
model and the percolation theoretical model are also found to fit the ac-conductivity data of these glasses 
(with s ^ 1). However, the fitting with the CBH model appears to be better. All the Pb-doped glasses are 
also found to be good precursors for superconductors with Tg between 110 and 1 IS iC in their crystalline 
phases obtained by annealing for optimum time of 24 h at B40*C. The thermoelectric powers of these su-
perconductors are positive (hole-type superconductors). 
L INTRODUCnON 
The electrical properties of transition-metal-oxide 
(TMO) glasses with V2O5, FcjOs, CuO, etc., and suitable 
glass formers (such as B2O3, P2O5, and GeO}) have been 
elaborately studied'"'" because of their probable techno-
logical applications in switching and memory de-
vices."" The strong electron-phonon interaction in the 
TMO glasses, responsible'"'* for the small-polaron forma-
tion and the dc electrical conduction in such semicon-
ducting oxide glasses, occurs by small polarons hopping 
between transition-metal ions of different valence 
states'"'' (V*+-»V'+, Cu*-^Cu^"^, etc.). At low fre-
quencies and temperatures the frequency-dependent ac 
conductivities of many TMO glasses showed an almost 
linear freauency dependence (with frequency exponent 
s < 1 ).Z'*'"''* However, there is an apparent controversy 
over the temperature dependence of o-„(<a, D and the ex-
ponent s. In some non-transition-metal-oxide glasses 
both temperature-dependent and temperature-
independent ac conductivities have been reported'^'" 
even at frequencies as low as 1 kHz. Various theoretical 
models were used^'*""''* to explain the frequency depen-
dence of ac conductivity of many binary vanadate, tung-
state, or other similar glassy oxide semiconductors. 
However, few investigations of the ac conductivities of 
the multicomponent copper containing Bi-Sr-Ca-Cu-0 
oxide glasses has been made so far. 
Recently, some of these glasses, such as Bi-Sr-Ca-Cu-0 
and Bi-(Li or Pb)-Sr-Ca-Cu-0, have been found"-" to be 
very good precursors for high-r^ superconductors. From 
these semiconducting glassy precursors high-r^ wires or 
tapes could also be made." Among all these types of 
glasses, the Bi^SrjCajCu^O;, (hereafter denoted by [4334]) 
glass composition is especially important as they are easi-
ly converted to the superconducting Bi2Sr2Ca2Cu30, 
phase^' with the highest-r^ value ( ^ 110 K) by slowly an-
nealing the glass (well above the glass transition tempera-
ture Tj shown in Table I). By this anneaUng process the 
glasses become crystalline (also called glass ceramics) and 
oxygenated. Most of the previous studies on such sys-
tems have been confined to the investigations of the su-
perconducting and related properties in the glass-ceramic 
(GO phases. The occurrence of superconductivity close 
to insulator to metal transitions supported the conjecture 
that superconductivity might be due to the condensation 
of bipolarons.^* Experimental evidences of polaron-
hoppiiig conduction is also found in a large number of cu-
prates.^ '^^ * Like TMO glasses, the small-polaron hopping 
mechanism is also responsible for the conduction mecha-
nism in the Bi-Sr-Ca-Cu-O-type glasses^^"^* in their 
semiconducting phases. The Pb-doped Bi-Sr-Ca-Cu-O 
glassy system of our present investigation is especially in-
teresting because the annealed crystalline phases of these 
0163-1829/95/51 (24)/17512(9)/$06.00 51 17 512 © 1995 The American Physical Society 
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glasses have large T^ values and large volume fractions of 
the high-r, phases compared to those of the correspond-
ing undopcd system.*''*" Furthermore, unlike many ox-
ide glasses, the Pb- or the Li-doped Bi-Sr-Ca-Cu-0 
glasses contain no glass former oxide."*" The presence 
of Li and Pb reduces the annealing temperature for mak-
ing superconducting glass ceramics to be less than that 
required for the undoped system. These glasses also show 
phase separation unlike many binary or ternary TMO 
glasses. Therefore, it is interesting to investigate the elec-
trical and other properties of these glasses and also to 
compare their properties with those of other TMO 
glasses,'"'° which do not become superconductors in 
their respective crystalline phases. All other TMO 
glasses are nonsuperconductors in their GC phases. Such 
studies on glassy systems are important for an in-depth 
understanding of the mechanism for the appearance of 
superconductivity in their crystalline phases. 
In the present paper the Pb-doped 
Bi4_,Pb,SrjCa3Cu40, semiconducting glasses prepared 
by a fast-quenching technique have been characterized 
and the results of frequency- and temperature-dependent 
ac-conductivity measurements have been reported. 
Different theoretical models have been applied to find the 
most suitable one explaining the ac-conductivity data of 
these special types of glasses showing some distinct 
features such as large values of glass transition tempera-
ture (r , ) , Debye temperatures (d^,), and strong 
electron-phonon interaction, compared to those of many 
binary or ternary TMO glasses. The presence of 
BiOj/BiOj-type structural units is another characteristic 
feature of both Li- and Pb-doped Bi-Sr-Ca-Cu-0 glasses 
(as observed from infrared spectra). It has been shown 
that the Pb-doped glasses, when annealed at about 840 *C 
for an optimum time of 24 h, become high-Tj supercon-
ductors. 
The remaining part of the paper is organized as fol-
lows. Section II deals with the preparation and charac-
terizations of these glasses. In Sec. Ill the results of our 
measurements of ac conductivity are presented and in 
Sec. IV various theoretical models used to fit the 
frequency- and temperature-dependent ac conductivity 
data have been discussed. The paper ends with a brief 
conclusion. Since the electrical properties of the 
Bi4_,Pb,Sr3CajCu40, glass with n =0 have already 
been discussed in Ref. 22 we do not show the ac-
conductivity data of this glass again in this paper. 
II. EXPERIMENT 
A. Sample preparation and characterization 
The Bi4_„Pb„Sr3CajCu40, glasses (abbreviated as 
PBY) are denoted as PBY-0, PBY-1, PBY-2, and PBY-3 
for n =0, O.l, 0.5, and 1.0, respectively. They arc 
prepared by rapidly quenching the respective melts as 
discussed earlier."'" Accurately weighted PbO, BijOj, 
SrCOj, CaCOj, and CuO powders (all of purity 99.99% 
or better) for each composition were well mixed and 
preheated at about 500 *C for 5 h in a platinum crucible. 
Preheating is essential for keeping the correct Pb concen-
tration in the glassy phase. The glass samples prepared 
without preheating show a low (~ 50 K) superconducting 
transition temperature (T,) in their GC phases. The 
preheated sample is then cooled to room temperature, re-
ground, melted at (1100±19*C) for 2 h and then shaken 
frequently to ensure proper mixing and homogeneity. 
The glass plates (1-1.5 mm thick) are then made by rap-
idly quenching the melts between two highly polished 
copper blocks. Wire or tape can also be drawn from this 
molten glass. The x-ray diffraction (using the Philips x-
ray diffractometcr. Model PW 1710) pattern shows a 
broad peak, which is characteristic of an amorphous ma-
terial (Fig. I). However, the scanning electron micro-
graphs of the as-quenched samples (studied with the Hi-
tachi Model 415A), shown in Fig. 2, indicate phase sepa-
ration with small clusters (5-25 /xm in size) or grains 
(Fig. 2) of different densities and conductivities. Similar 
phase separation has also been observed earlier in the 
Pbo.32Bi, jjSriCazCujO, (Refs. 28 and 30) and 
Bi4Sr3Ca}Cu40, (Refs. 29 and 31) glasses, which are also 
good precursors for high-T^ superconductors. The 
P20j-Ca0-Cu0-type copper containing glasses also 
showed similar phase separation.^  This phase separation 
appears to have a major influence on the properties of the 
glasses.*' The glass transition temperatures (T^) mea-
sured with Shimadzu thermal analyzer (Model DT30) at 
the heating rate of lO'C/min are found to be higher 
(Table I) than the usual vanadate-type semiconducting 
oxide TMO glasses, but these T^ values are comparable 
to those of other glassy precursors for high-T^ supercon-
ductors (Li-doped or undoped Bi-Sr-Ca-Cu-0 systems,^ * 
for instances). The metallic compositions of the glasses 
were estimated by energy dispersive x-ray analysis (using 
the Hitachi Model H-6(X}) and remain within ±3% of the 
corresponding theoretical (mixing) values." Infrared (ir) 
absorption studies of the samples at ambient temperature 
as shown (Fig. 3) indicate features identical to those of 
the Li-doped Bi-Sr-Ca-Cu-0 glasses.** The fundamental 
W 50 
20 (degrees) 
F(G. 1. X-ray powder diffraction patterns of 
Bi4_,Pb,Sr)CajCu40, glasses showing amorphous character 
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FIG 2. Scanning electron micrographs of samples showing 
phase separated clusters or grains embedded in the glass matrix 
that had foriped during quenching the melt (a) 
Bij jPbo jSrjCajCu^O;, and (b) BijPbi oSrjCajCu^O, [In (a) 20 
mm = 300 ^ m and in (b) 20 mm=60 fim.] Phase separations are 
also observed in the BuSrjCaaCu^O, glass and in other similar 
glasses (Refs. 30 and 31). 
tooo 2S00 2000 
WAVE NUMBER (cm"' ' ) 
FIG. 3 Infrared spectra of glassy Bi4_„Pb,Sr)CajCu,0, 
semiconductors showmg the presence of BiOj/BiO^ groups in 
the frequency range of 540-620 cm"', a characteristic feature 
of these glassy precursors for high-T^ superconductors 
peaks between 540 and 620 cm~ ' in the spectra (Fig 3) 
indicate the presence of BiOj/BiO^ structural units A 
detailed analysis of the ir data is planned for a future 
work Ail the Bi-Pb-Sr-Ca-Cu-0 glasses are also an-
nealed at 840 °C for 24 h m air and then slowly cooled to 
room temperature, which make them superconducting 
The superconducting transition temperatures of all the 
annealed samples have also been measured by the four-
probe method showing T^ between 110 and 115 K (Table 
I) Thermoelectric powers of all the annealed (GO sam-
ples are measured by the usual method. 
B ac conductivity of the PBY glasses 
The ac conductivity {a,^) of the glasses has been mea-
sured over the frequency range 0 1-10 kHz and the tem-
perature range 77-450 K, similar to our earlier work^^ 
with a low-temperature cryostatic arrangement and tem-
TABLE I. Some important parameters of Bi4_„Pb,SrjCa3Cu40, with n =0 0 (PBY-0), 0 1 (PBY-1), 
0 5 (PBY-2), and 1.0 (PBY-3), respectively. 
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'Obtained from the fitting of the dc conductivity of the glasses (Ref 22) 
'Calculated from the temperature (6[,/2), where the linearity of the Ino-jc ^s 1000/rcurve breaks (Ref 
22) [ajj IS the dc conductivity of the glass (Ref 22)] and the phonon frequency Vp,, is calculated from 
the relation kgOp =hv. 
TfO IS the superconducting transition temperature (at zero resistance) of the glass-ceramic sample ob-
tained by annealing the glass at 840*C for 24 h and T^o is the corresponding zero resistance tempera-
ture For all the glass ceramics, T^ values arc almost the same (110-115 K), as shown in Fig 8 
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peraturc controller. The Kiclhly electrometer (Model 
617) has been used to measure the resistance. The sample 
was in good contact with two polished and cleaned brass 
electrodes. Before electrical measurements the samples 
were annealed around 200*0 (well below glass transition 
temperature) to stabilize the contacts and also to remove 
mechanical stresses. Gold electrodes were deposited on 
the polished sample surfaces by the vacuum evaporation 
technique to serve as the conductive layers for the electri-
cal measurements. The ac conductivity and dielectric 
loss IE") of the samples were obtained by measuring the 
conductance and capacitance of the samples using a Gen 
Rad 161SA capacitance bridge with the audio oscillator 
Model 1311 A, the tuned amplifier Model 1232A, and a 
null detector. The temperature measurements were made 
with an accuracy of ±0.5 K or better. The ac conduc-
tivity for the present glasses are obtained from the rela-
tion^^-» 
aJ.Q>) = a,{co) — ai^ , (1) 
where a ^ and a,(Qi] are the dc and the total frequency-
dependent conductivities, respectively. 
In many amorphous semiconductors and insulators the 
ac-conductivity data follow the rclation^^ 
crJ.oi)=Ao}', (2) 
where A is a. constant dependent on temperature and s is 
the frequency exponent, generally less than or equal to 1. 
To exhibit this behavior,, the loss mechanism^^ should 
have a very wide range of possible relaxation times (T) . 
In particular, a nearly linear frequency dependence of 
ajia) is predicted if the distribution of relaxation times 
G ( T ) is inversely proportional to T=roexp(|'), where I is 
a variable and TQ is a characteristic relaxation time al-
most equal to the inverse phonon frequency (v'^') ob-
tained from the dc-conductivity data.^^ 
III. RESULTS AND DISCUSSION 
The temperature-dependent a^,. and a,(w) conductivi-
ties of a typical Bi] ]Pbo.]Sr]Ca3Cu40;; glass is shown in 
Fig. 4(a). The inverse temperature dependence of cr (^<u) 
of this glass obtained by using £q. (1) is shown in Fig. 
4(b). These figures indicate, similar to other amorphous 
semiconductors, that the temperature dependence of 
cr,[o)) is much less at low temperatures, whereas at 
higher temperatures a,(.cj) depends strongly on tempera-
ture with a relatively small frequency dependence. Ulti-
mately, the measured conductivity at all frequencies ap-
pears to coincide with a^ at a higher temperature. The 
identical behavior is also observed for other compositions 
of the PBY glasses. However, the only difference is the 
temperature at which the measured conductivity becomes 
equal to the dc conductivity. 
The thermal variation of a,c(<") of the 
Bi^-^Pb^SrjCajCu^O, glasses at a fixed frequency of 5 
kHz (Fig. 5) also looks similar to those of the usual TMO 
glasses,'"* which are not precursors for superconductors. 
But in their glassy phases the electrical conductivities 
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FIG. 4. (a) Temperature dependence of a^c »nd o'lC'u) for a 
typical Bij.jPbo.jSrjCaiCu40, glass at 10 kHz ( • ) , 5 kHz (A) , I 
kHz (4-). 500 Hz (O), and 200 Hz (D). Solid lines are a guide 
for the eye. (b) Inverse temperature dependence of a^(ai) of the 
Bii.3Pbo.jSrjCaiCu40,, glass at 10 kHz ( • ) , 5 kHz (O). 1 kHz 
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FIG. 5. Thermal variation of <7,c((y) of the 
Bl4_,Pb,Sr]Ca]Cu,0, glasses at a fixed frequency of 5 kHz (the 
solid line is a guide for the eye). 
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80.0 9ao loao iioo 1200 
InLJ(Hz) 
FIG. 6. Frequency dependence of ac conductivity of one of 
the PBY glasses (Bi,.«Pbo.|Sr,Ca]Cu40:i) for different fixed tem-
peratures. Straight lines are obtained by a least-squares fitting. 
The slopes of the lines give the values of the exponent i (Fig. 7). 
PBY3 
100 ISO 200 2S0 300 350 
T(K) 
PBr2 
100 ISO 200 250 300 350 
T(K) 
100 150 200 250 300 350 
T(K) 
FIG. 7. Temperature dependence of the frequency exponent s 
with temperature indicating s > 1 below 200 K. Solid line, 
theoretical curve with the CBH model; closed circles, experi-
mental poinu for the Bi«_,Pb,SrjCa3Cu«0, glasses with 
n=0.1 IPBY-U, rt=0.5 lPBY-2), and n = l (PBY-3), respec-
tively. 
those of the Li- or Pb-doped Bi-Sr-Ca-Cu-0 glasses." 
From Fig. 5 one also finds that the ac conductivity in-
creases with an increase of Pb concentration in the 
glasses. The corresponding frequency dependences of ac 
conductivity for different fixed temperatures, shown in 
Fig. 6 for a typical Bi3 jPbo. iSr3Ca3Cu40, glass, follows 
Eq. (2) quite well. Other PBY glasses behave similarly. 
The solid curves in Fig. 6 are the straight-line fitting ob-
tained by the least-squares fitting method. The estimated 
frequency exponent s obtained from the slopes of Fig. 6 is 
shown in Fig. 7 as a function of temperature. In line with 
other TMO glasses,'"* the exponent decreases with an 
increase of temperature. No appreciable frequency 
dependence of s is observed for any of the present PBY 
glasses.^^ However, one of the most significant features 
of these glasses, unlike vanadate or many other TMO 
glasses (where 5^1 within the frequency range of our 
present investigation), is that the exponents s for all the 
PBY glasses become slightly greater than 1 below a cer-
tain temperature around 2(X) K (Fig. 7). This tempera-
ture depends on the Pb concentration in the glasses. This 
behavior of ac conductivity in the low-temperature re-
gion is common in the Li-doped and -undoped 
Bi4Sr3Ca3Cu40j, glasses.^^ There are also several exam-
ples of transition-metal oxide (for instance, CUO-P2O3 
glass'") and chalcogenide glasses^'"'* showing i > 1 in the 
high-frequency ( > lO' Hz) limit. 
































S0.O 150.0 2sao 
T ( K ) 
350.0 
FIG. 8. Temperature dependence of resistivity of the PBY 
glass ceramics (annealed at 840 *C for'24 h and then slow fur-
nace cooling to room temperature) showing the superconduct-
ing behavior of the glass ceramics. This figure also indicates 
that the glasses under investigation are good precursors for 
high-r^ superconductors. PBY-1, Bij ,Pbo iSrjCajCu^O,; 
PBY-2, Bij.jPbojSrjCajCu^Oj,; and PBY-3, 
Bi3Pb|Sr3Ca3Cu40,. 
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of the glass ceramics (obtained by annealing them at 
840 *C for a minimum time of 24 h) as shown in Fig. 8 in-
dicate superconducting behavior. The superconducting 
transition temperature T^  and zero resistance tempera-
ture TJO depend on the Pb concentration (Fig. 8 and 
Table I). These results indicate that the PBY glasses are 
good precursors for high-r^ superconductors. Measure-
ments of the thermoelectric power of all the supercon-
ducting PBY glass-ceramic samples are found to be posi-
tive, indicating that these are hole-type superconduc-
37 tors. 
IV. THEORETICAL FITTING 
OF ac-CONDUCnVITY DATA 
WITH DIFFERENT THEORETICAL MODELS 
There are many theoretical models to fit the ac-
conductivity data of semiconducting glasses. For con-
venience, we discuss below the models used by us to fit 
the experimental ac-conductivity data , of the 
Bi4_„Pb,Sr3CajCu40, glasses. 
Several authors'**^ *"*^  have developed, within the pair 
approximation, the ac conductivity for single-electron 
motion undergoing quantum-mechanical tunneling 
(QMT) and obtained the expression for cr^J^a) as 
aJco)=Ce''ktTa-\N{Ep)\^oiR*„ . (3) 
where C is the numerical constant taken as ir^/lA (cf. 
Refs. 35 and 39), N(Ep)'xs the density of states at the 
Fermi level, a~' is the special decay parameter for the lo-
calized wave function, k^ is Boltzmann's constant, T is 
the absolute temperature, e is the electronic charge, and 
R^'ii the hopping distance at frequency a given by 
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FIG. 9. Thermal variation of a,c{(u) showing nonlinear varia-
tion of CT,£ with temperature (the low-temperature region is 
drawn in extended scale) and a slight increase of a^ in the low-
temperature region. The exponent s starts to increase at a tem-
perature where cr„ >lso starts to increase around 200 K. (a) and 
(b) BijPb,SrjCajCu«0, glass and (c) and (d) 
Bij.jPbo.jSrjCajCu40;, glass. Solid lines are a guide for the eye. 
/?„=(2a)-'ln(l/<uro), (4) 
where TQ is the characteristic relaxation time. From the 
plot of trj^a) vs T (Fig. 9) for the Fb-doped glasses, it is 
found that (TK^U) varies nonlinearly even in the low-
temperature region. Moreover, the values olaj^a) show 
little tendency to increase in this temperature region 
(below 200 K), as shown in Fig. 9. This type of variation 
of a„((u) with temperature and frequency is inconsistent 
with that of the QMT model. At higher temperature, 
o„(a) starts to deviate more sharply from linearity (Fig. 
9). Therefore, the QMT model fails to explain the tem-
perature and frequency dependence of the ac conductivi-
ty of the PBY glasses. Even the frequency exponent s de-
rived from this model, viz., 
.j = l -4/ ln( l / (UTo) (5) 
is temperature independent [Eq. (5)], which is in contrast 
to the experimental observation (Fig. 7) where s decreases 
with an increase of temperature. 
Another model, called the overlapping large polaron 
tunneling (OLPT) model, was proposed by Long" where 
the large-polaron wells at two sites overlap, thereby re-
ducing the polaron hopping energy. ' This gives 
(6) 
where W|^ is the polaron hopping energy, r^ is the pola-
ron radius, R is the intersite separation, and 
WifQ^e^/Az^ff, where e^  is the effective dielectric con-
stant and R and r^ can be obtained from the fit of density 
and dc conductivity data,' respectively. Assuming R to 
be a random variable, the ac conductivity for this model 
has the form" 
X(oRl/{2akaT + lV^o'-o/Ri) . (7) 
where R'^=2aRu, r^=2ar^, and P=\/kBT. Then the 
exponent s in the OLPT model can be evaluated from 
{R'J^ + [l3Wno + Mcoro)]Rl-pW,or;=0 , 
where R'^=2aR^, r'^^lar^, and P^l/kgT. Then the 
exponent s in the OLPT model can be evaluated from 
s = l-[4 + 6l3}V,or;/R'^]/[R'Jl+0lV,^r;/R-^)'y. 
(8) 
Equation (8) indicates that the frequency exponent s 
should be both temperature and frequency dependent. 
Furthermore, s is expected to decrease from unity with 
an increase of temperature. For large values of r' s con-
17318 
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tinues to decrease with an increase in temperature, even-
tually tending to the value of s predicted by the QMT 
model of nonpolaron forming carriers, whereas for small 
values of Tp, J exhibits a minimum'* at a certain tempera-
ture and subsequently increases with temperature in a 
fashion similar to the case of the small-polaron QMT 
model. 
However, the OLPT model also predicts the frequency 
dependence of s [cf. Eq. (8)]. A detailed analysis shows 
that in the low-temperature regions {kaT/W,, <0.0^ 
-O.OS), s should increase with frequency. In the samples 
of our present investigation any frequency dependence of 
* was not observed. 
The other type of process, proposed for the relaxation 
mechanism, is the classical hopping over a barrier model 
(HOB), where the random variable is S^W/keT. For 
the case of atomic motion an expression is obtained '^-** 
for ac conductivity, viz.. 
a.e(w)=(ir7j/3)[(Afp^fcar/ffo^o)<ytanh(Ao/2fcjr)] 
(9) 
where -q is the mean-field correction term, N is the num-
ber of pair states per unit volume, p is the dipole moment 
associated with the transition, and it is assumed that 
every difference between sites A is randomly distributed 
in the range 0 < A < AQ and the barrier height is randomly 
distributed in the range 0<W< WQ. For the simple 
HOB model [cf. Eq. (9)], the frequency exponent of 
(r„((u) is predicted to be unity and it is also independent 
of temperature and frequency. Even for the case of atom-
ic tunneling, an expression similar to Eq. (9) is obtained^' 
with s = l, if the dipole moment is uncorrelated with the 
tunneling distance. Therefore, the HOB model does not 
fit the present glass system. 
Another pair-approximation-type model for ac conduc-
tion, which correlates the relaxation variables W with the 
intersite spacing R, was developed initially by Pike^ for 
single-electron hopping and expanded by Elliott^ ^ for 
two-electron hopping simultaneously. For neighboring 
sites at a separation R, the Coulomb wells overlap, result-
ing in a lowering of the effective barriers from W^ to a 
value W, which for the case of two-electron transmissions 
is given by'° W=W]^—{le^/vtotR), where e is the 
dielectric constant of the material and EQ that of the free 
space. The ac conductivity in this model, termed as 
correlated barrier hopping (CBH) model"**' in the 
narrow-band limit (Ao«Ar5r) is expressed as 
aJco) = n^Nhe(fi3Rl/2A, (10) 
where N is the concentration of the pair sites. The hop-
ping distance R„ and the frequency exponent in this 
model are given by 





trast to the QMT or simple HOB mechanism discussed 
above. So the CBH model appears to be appUcable to the 
PBY glasses. The theoretical fitting of the temperature 
dependence of ajicij) with the CBH model [Eq. (10)] as 
shown in Fig. 10 for a typical Bi3 9Pbo.,SrjCa3Cu40j, 
glass ensures that this model is the most appropriate one 
to explain the overall behavior of the ac conductivity of 
the PBY glasses. The best-fit parameters, viz., relaxation 
time (TQ) and N, are shown in Table II. The relaxation 
frequency VO=1/TO obtained from fitting the experimen-
tal data with this model are also consistent with those de-
rived from the dc-conductivity data,^ * also shown in 
Table II for comparison. The values of N obtained from 
fitting Eq. (10) are also very close to those calculated 
from the density of the glasses (Table I). The values of 
W^f obtained from fitting the experimental values of s 
with Eq. (12) are close to twice the value of high-
temperature activation energy for dc conduction. 
In the low-temperature region (below 200 K), the 
theoretical fitting of the experimental values of 5 with the 
CBH model [Eq. (12)] is, however, poor (Fig. 7). This 
might be due to, e.g., inhomogeneity of the materials or 
the presence of more conducting regions or grains. The 
best-fitting parameters with the CBH model are also 
shown in Table II. 
It is to be noted that in a slightly modified'* CBH mod-
el the expression for s can be written as 
s=l-6kgT/[Wu+ksTlQ{aTo)] + T/iT^. This indi-
cates that, depending on the values of W^f and T^, s 
might be greater than one. But in this situation both s 
and (T^io)) should be an increasing function of tempera-
ture, which is not, however, supported by our experimen-
tal results. Elliott,'* however, showed that a phononless 
photon-assisted electronic transition could lead to a su-
perlinear frequency dependence of cr„{(u) with 
s =2—4/ln(2/ /^) , where / is the overlap integral; this 
expression is also vaUd for very high frequency 
{iici)»kgT), which is far beyond the frequency range of 
The CBH model therefore predicts a temperature depen-
dence of s that reaches unity as T—*-0 K, in marked con-
FIG. 10. Theoretical fitting (solid lines) of ac conductivity of 
a typical Bij.jPbciSrjCajCu^O, (PBYl) glass with the CBH 
model [Eq. (10)]. The fitting parameters for the glasses are 
shown in Table III. Fitting is poor in the low-temperature re-
gion where conductivity shows little increase with a decrease of 
temperature. 
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TABLE 11. Model parameters obtained by fitting the experimental ac-conductivity data of the 
Bi4_,Pb,Sr,CajCu40, glasses for n =0 (PBY-0), n =0.1 (PBY-1), n =0.5 (PBY-2). and n ==1.0 (PBY-
3) with the CBH model. 
Parameters 
Wu (eV)' 
To (10-" sec)' 
N (10^ ° cm'M"' 
IV^ ieVf 

















































'Obtained from the fitting of the o-,j versus Tcurve (Fig. 10). 
•"Obtained from the fitting of the s versus T curve (Fig. 7). 
our present investigation. 
Other than the pair-approximation-type model dis-
cussed above, ac-conductivity data of the glassy semicon-
ductor can also be fitted with other theoretical models, 
viz., the random-walk-type/* the extended pair-
approximation-type,^' and percolation theories.'"'" 
Bryksin '^ showed that the entire frequency interval could 
be divided into four regions, each characterized by 
specific mechanism of the clusters in which hopping of 
the carrier takes place. Here dispersion of every level on 
the states is not taken into account. From Bryksin's 
model one also finds that Re[ff„(<a)]—(r„(0)~<a*, where 
s initially equals 2 and then sharply decreases. Such a 
behavior of s is not visualized for any of the Pb- (or Li-) 
doped Bi-Sr-Ca-Cu-0 glasses of our present interest. 
It is interesting to point out that the extended pair-
approximation-type model used by Summerfield and 
Butcher^' and the percolation theoretical models'"-'' can 
also be used to fit the present ac-conductivity data ex-
plaining most of the characteristic features of these 
glasses (particularly with s<l), similar to the CBH mod-
el. However, in the frequency and temperature range of 
our investigation, the CBH model appears most appropri-
ate to analyze the ac-conductivity data of the 
BJ4_„Pb„Sr3Ca3Cu40,-type glassy precursors for high-
T"; superconductors. In this paper we therefore concen-
trate our attention mainly on the CBH model. This mod-
el has also been used earlier for thi analysis of ac-
conductivity data of similar Li-doped Bi4SrjCa3Cu40j, 
(Ref. 21) and many transition-mctal-oxide glasses with 
success. 
The values of 5 becoming larger than one appears to be 
a characteristic property of the glasses under investiga-
tion. A. similar behavior of j ( > 1 in the low-frequency 
range) observed in the semiconducting Cd-A.s-Si glassy 
system was confirmed" as a bulk property that did not 
depend on the contact potential or the thickness of these 
glassy samples. 
We infer that the large value of i ( > 1) shown by the 
Pb-doped glasses of our present investigation is not due 
to contact resistance or other reasons, as suggested by 
Street, Denies, and Yoffe," Cleach," and Zvyagin.'" We 
also measured (following the procedure used by Kocka 
and Kristofik") conductivities of the same glassy samples 
with different thickness. The electrical conductivity and 
its exponents are found to be independent of the thick-
ness of the samples. The measured conductivity is also 
found not to be influenced either by the gold contact lay-
er or by the finite resistance of the leads. Thus the value 
ofs becoming larger than unity is an inherent property of 
the present Pb-doped Bi-Sr-Ca-Cu-0 glass, similar to 
amorphous Cd-As-Si-type semiconductors.^* This seems 
to be a very interesting result because, except for amor-
phous Se (where i = 1.05), s is less than unity in most 
other amorphous solids. 
As mentioned in Sec. II, the presence of the clusters of 
different densities and conductivities is considered to be 
responsible for the low-temperature superlinear behavior 
of ac conductivities of the Bi4_„Pb„Sr3Ca3Cu40;j glasses. 
Sometimes such clusters were also found to be responsi-
ble for the metal-insulator transitions in some noncrystal-
line semiconductors.'* Gilbert and Adkins" attempted 
to explain the superlinear behavior (with f > 1) of ac con-
ductivity of amorphous germanium films by considering 
the presence of more conducting regions in the glass. In 
the glassy precursors for high-T^ superconductors, in 
particular, such conducting regions are formed during 
glass formation by quenching the melt at room tempera-
ture. It is plausible that some of these clusters become 
more conductive in the low-temperature region, increas-
ing the total ac conductivity of the bulk glass. The little 
increase of conductivity of the semiconducting PBY 
glasses in the low-temperature region (where the ex-
ponent .; also starts to become more than one and ac con-
ductivity indicates superlinear behavior), as shown in Fig. 
9 (where low-temperature ac-conductivity data have been 
plotted in an extended scale), supports this conjecture. 
One may overlook this increase of o-„ in the low-
temperature region unless the data are very accurate. 
Finally, it might be concluded that the properties of 
the Pb-doped glassy precursors for high-T^ superconduc-
tors depend largely on the microstructure of the glasses, 
unlike usual TMO glasses, which do not become glass-
ceramic superconductors. -More elaborate microstructur-
al studies (e.g., formation of nanocrystals, phase separa-
tions, glass network structure) of these glasses for 
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ABSTRACT 
The dielectric constant (e') and loss (e*) for Pb-doped Bi4-BPb„Sr3Ca3Cu40x 
(n = 0-0,0-1, 0-5 and 1-0) glasses, which become high-Tc superconducting oxides 
in their glass-ceramic phases, have been measured at different temperatures 
(80-450 K) and frequencies (200-10 000 Hz) ranges. Though the temperature 
variadons of c' and ^  of these Pb-doped glasses do not show any peak within the 
frequency range of our investigation, the imaginary parts (AT) of the dielectric 
modulus (A/*) show peaks that indicate Debye-type dielectric relaxation behaviour 
with a distribution of relaxation times, as suggested by the behaviour of 
the Cole-Cole plots. This property of e' and e" is found to be common to all the 
multicomponent Bi-Sr-Ca-Cu-O type glasses, which become high-rc supercon-
ductors in their corresponding crystalline phases. The relaxation behaviour is 
thermally activated in nature. These glasses are also very suitable for drawing wires 
which become superconductors in their glass-ceramic phases. 
§1. INTRODUCTION 
Transition-metal oxide (TMO) glasses, such as Bi4Sr3Ca3Cu40j( (hereafter denoted 
by [4:3:3:4]}, have been found (Baker, Humg and Steiniink 1989, Moriuchi, Kawai, 
Mitsui and Kawai 1990. Som and Chaudhuri 1990, Zheng, Colby and MacKenzie 1991, 
MoUah, Som, Bose, Chakraborty and Chaudhuri 1992, Som, Mollah, Bose and 
Chaudhuri 1992) to show superconducting properties in their glass-ceramic (GC) or 
crystalline phases. The [4:3:3:4] glass in particular has been much investigated 
because it is a precursor glass for a single-phase Bi2Sr2CaCu20« superconductor (Baker 
et al. 1989). Other alkali-metal-doped Bi-Sr-Ca-Cu-O glasses, with lower softening 
points and a higher superconducting transition temperature Tc in their GC phases, have 
also been studied (Moriuchi et al. 1990, Mollah et al. 1992). Like Li-doped glasses, 
Pb-doped glasses are also very interesting because of their superconducting behaviour 
in the ceramic phases which are obtained by properly annealing the glasses at higher 
temperatures (around SSO'C). Fiuthermore, these glasses can easily be drawn into wires 
from their melts. Since the composition of these glasses can be varied, it is possible to 
find appropriate compositions to make wires/tapes from the corresponding glass phases. 
These wires/tapes can also be made superconducting by properly annealing them at 
higher temperatures (below the melting point). Therefore, it is of interest to study 
dielectric and other properties of these glassy precursors for high-Tc superconductors 
and to compare their properties with those of other TMO glasses (Mott and Davis 1979) 
t Present address: Materials Engineering Department, Ben-Gurion University, Israel. 
t Received in final form 9 June 1994. 
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which are not precursors for superconductors. Detailed electrical properties (a.c. and 
d.c. conductivities) of similar glasses doped with Li, such as BiiSrsCas _ iLiiCu40;, 
(z = 0 0 , 0-1,0-5,1-0) glasses, have recently been studied by Mollah et al. (1992) and 
Mollah, Som, Bose and Chaudhuri (1993), and it has been shown that all these glasses 
are semiconductors in their glassy phases with a d.c. conductivity that decreases with 
increase of Li conduction. On the contrary, the d.c. conductivity of the Pb-doped 
[4:3:3:4] glasses increases with the increase of Pb concentration (Mollah 1993), a 
behaviour that is considered to arise from the contribution of holes. 
In the present paper we report some interesting dielectric properties of the Pb-doped 
Bi4 - „Sr3Ca3Pb„Cu40, glasses (hereafter referred to as PB YO, PB Yl, PB Y2 and PB Y3 
glasses, respectively, for n = 00 , 0 1 , 0-5 and 10). It has been shown that the 
temperature- and frequency-dependent dielectric properties of these glasses show 
features not generally observed in many TMO glasses such as ViOj-BiiOa, 
FciOj-BijOs, ViOj-PjOj (Sayer, Mansingh, Reyes and Rosenblatt 1971, Mansingh, 
Vaid and Tandon I97S, Mansingh, Dhawan and Sayer 1983, Chaudhuri, Chaudhuri and 
Som 1989) which are, however, non-superconductors in their GC phases. 
§2. EXPERIMENTAL 
Glasses have been prepared with the starting oxide materials PbO, BijOj, CuO, 
SrCOi and CaCOj (each of purity 99-9% or better) by the technique reported earlier 
(Mollah et al. 1992, Som etal. 1992). Since the copper content of these glasses changes 
with melt temperature, as well as with the duration of melting (Som 1990), each was 
kept in their liquid state at 1100°C for 2 h (following a preheating of the oxide mixture 
at S(X)°C for S h and regrinding), after which the liquid was quickly quenched between 
two copper blocks kept at room temperature. Here we should mention that the 
preheating is necessary for making glassy precursors for high-Tc superconductors. 
The calculated copper contents of the glasses, as shown in the table, compare well with 
those obtained from chemical analysis and are similar to those reported in earlier work 
(Som et al. 1992). The amorphous character of all the samples was confirmed by X-ray 
diffraction (using a Philips X-ray generator model PW 1130 coupled with a 
diffractometer model PW 1710) and scanning electron microscopy with a Hitachi model 
4I5A (Mollah 1993). X-ray diffraction patterns of some of the Pb-doped glasses are 
shown in fig. 1. 
The densky of the glasses was measured by the Archimedes' principle using carbon 
tetrachloride as the immersion liquid. The mean of five independent measurements for 
each sample was taken as the value of density. Thermogravimetric analysis (TGA) of 
the glass samples was made with a Shimadzu DT-30 thermal analyser. The glass 
transition temperature T, of the samples was determined from differential scanning 
calorihnetric (DSC) studies using a Perkin-Elmer DSC-7. The temperature- and 
frequency-dependent dielectric constant e' was measured by a capacitance bridge 
(GR model 1615A) along with the frequency-dependent total conductivity in a 
low-temperature cryostat using an arrangement similar to that in our earlier work 
(Mollah et al. 1993, Som, Mollah, Bose and Chaudhuri 1993). The imaginary part of 
the dielectric constant E" was calculated from the experimental a.c. conductivity data 
as discussed below. To show that these Pb-doped glasses are good precursors for high-Tc 
superconductors, they are annealed at 840''C for 24 h in air and then slowly 
furnace-cooled. The resistivity of the fumace-cooled samples (glass-ceramics) thus 
obtained was measured by a standard four-probe technique using an APD cr>ocooler 
with Helium Compressor [HC-2D] attached to a temperature controller. 
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Some important parameters for the Bi4_„Pb„Sr3Ca3Cu40jr (PBY) glasses (z = 00, 01 , 0-5 
and 10). 
Sample 
PBYO PBYl PBY2 PBY3 
Values of n 
Cu content (wt%) 






14-69 ± 002 
5-82 + 005 
426 ± 5 
700 ±1-0 
428 ± 5 
9-80X10" 
0-544 i 0-01 
0-1 
14-70 ± 0-02 
7-00 ± 0-05 
415 ± 5 
72-0 ±1-0 
420 ±5 
8-75 X 10'* 
0-512 + 0-01 
0-5 
14-74 ±0-02 
6-90 + 0-05 
408 ± 5 
73-5 ± 10 
412 ± 5 
8-58 X 10" 
0-580 ± 0-01 
10 
14-78 + 002 
6-76 ± 005 
402 ±5 
78-5 ± 10 
408 + 5 
8-50X10" 
0-443+ 001 
t Obtained from DSC studies. Since 7, depends on various factors like thermal history, 
annealing rate, etc., we studied the DSC of the as quenched glass samples with a heating rate 
of 10°C/min for all samples. 
t Obtained from the resistivity measurements of the respective glass-ceramic phases which 
were obtained by annealing the glasses at 840°C for 24 h in air. Further increment of Tco is 
possible with the improvement of annealing conditions (time, temperature, oxygen pressure, 
etc.). 
§ Calculated from the logio(<Td^ .) versus lOVr plots. 
10btained from the d.c. conductivity versus lOVrdata of the glasses. 
Fig. 1 
20 60 70 30 W 50 
Two Theta/degrees 
X-ray diffraction pattern of some Pb-doped glasses, indicating amorphous character of the 
glasses. 
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§ 3 . EXPERIMENTAL RESULTS 
The total copper concentrations of the glasses obtained by chemical analysis do not 
vary appreciably, as shown in the table. The theoretical values of the oxygen content 
X in the Bi4 - HSrsCasPbnCutOx (hereafter referred to as PBY) samples are 16-00,15-95, 
15-75 and 15-50 for n = 0-0, 0 1 , 0-5 and 1-0, respectively. With increase of Pb 
(or decrease of Bi) in the PBY glasses, the values of x, as observed from 
thennogravimetric analysis, change slightly ( ± 5% from the corresponding theoretical 
values (Som 1990, Mollah 1993). The densities of the Pb-doped glasses are larger than 
the undoped [4:3:3:4] glass (see the table). It is interesting to mention here that the 
density of the Li-doped Bi4Sr3Ca3 -,Li(Cu40x (z = 0-1) glass is slightly lower than that 
of the undoped [4:3:3:4] glass (Mollah, Chakraborty, Chakraborty, Som and 
Chaudhuri 1994). Some other important parameters of the glasses are shown in the table. 
It is worth mentioning that these glasses are highly viscous and wires and tapes can 
easily be drawn from their respective melts. Some wires drawn by pulling the melt of 
such glasses are shown in fig. 2. These wires can be made superconducting by anneahng 
them around SOO-SSO'C for 24-48 h in air. The thermal variation of electrical resistivity 
p of a typical Pb-doped PBY3 ceramic (with z = 1 -0) obtained by annealing at 840°C 
for 24 h is shown in fig. 3, indicating superconducting behaviour. Similar p versus T 
curves are also obtained for the other Pb-doped glasses. The superconducting transition 
temperatures Tco (zero resistance) for all the glass-ceramics are given in the table for 
the sake of completeness. 
3.1. Temperature and frequency variations of E' 
The variations with temperature of the dielectric constants e' and e" of the PBY3 
glass samples at different measuring frequencies are shown in figs 4(a) and {b), 
respectively. As shown, no peak in the e' (or c") versus 7 plot is observed and this is 
also the case for all the glasses studied. The solid lines in fig. 4 and in other figures 
discussed below are guides for the eyes. The values of e' varies slowly with temperature 
up to a certain temperature Ta (say) which differs for different compositions. Here To 
is the temperature where the value of e' starts to increase abruptly with increase of 
temperature and lies between 250 and 300 K. r« is found to be alraost equal to half the 
Debye temperature do of the respective glasses. The values of do as shown in the table 
were calculated from the d.c. conductivity ffd.c. data (from the temperature where the 
linearity of log (cTic.) versus lOVr plots breaks down (Schnakenberg 1968). Above Te 
the values of e' for all the glasses increase rapidly with increase of temperature. This 
increase is sharper for lower measuring frequencies. The variation of s' with frequency 
for all the PBY glasses at a fixed temperature of 333 K (shown in fig. 5 (a)) indicates 
that, at this fixed temperature, the values of E' are not linear with the concentration of 
Pb in the glasses. The frequency dependence of one of the glass samples (wiU\ n = I 0) 
at different fixed temperatures, as shown in fig. 5 (6), indicates that the values of e' 
decrease with the increase of frequency. This decrease of e' is shaiper at higher 
temperatures. Figure 5(b) also shows that the values of e' are lower for lower 
temperatures. All the other samples with different Pb concentrations behave in the same 
manner. This type of behaviour is similar to those of many other TMO glasses 
(Chaudhuri et al. 1989, Sayer et al. 1971, Mansingh et al. 1983) which, however, do 
not become superconductors in their crystalline phases. Unlike these TMO glasses, the 
present PBY glasses as well as the undoped Bi4Sr3Ca3CuyOx {y = 0-5) glasses (Som 
et al 1993, Mollah et al. 1994) all become superconductors (in their crystalline phases) 
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Fig 2 
Typical Pb-doped (BijsPbosSrsCajCojOj) glass wires drawn from the melt Similar wires can 
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0.0 _ • L 
50,0 100,0 150,0 200,0 250,0 300,0 350 
T(K) 
Thermal variation of the resisuvity of a typical glass-ceramic obtained by annealing 
Bi3PbiSr3Ca3Cu40x glass at 840°C for 24 h m air Other Pb-doped glasses, annealed 
similarly, also become superconductors The corresponding T^ (zero resistance) values 
are shown in the table 
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(a) Thermal variation of the dielectric constant E' of Bi}Pb|Sr3Ca3Cu40^  glass, {b) Thennal 
variation e" for Bi3.9Pbo.|Sr}Ca3Cu40;i glass at different measuring frequencies, showing 
no peak within the temperature and frequency ranges of our investigation. 
and do not show any peak within the temperature and frequency ranges of our 
investigations. 
3.2. Temperature and frequency variation of ^' 
The dielectric loss E" has been calculated from the relation E"(£O) = ff«.c.(w)/Eo£o 
(where (TM.(<W) is the real part of the a.c. conductivity and £o is the permittivity of free 
space). Figure 4 (6) shows that the values of E" are more or less temperature-independent 
up to a certain temperature Te (mentioned earlier) above which they start to rise rapidly. 
This temperature Tj is higher for higher frequencies. It is interesting to note that both 
e' and E" of the Pb-doped glasses do not show any peak when plotted as a function of 
temperature (figs 4 (a) and (fc)). This behaviour of e" for the PB Y glasses is also different 
from that of many other semiconducting TMO glasses mentioned above. However, e" 
for the [4:3:3:4] glass showed a peak around 360K (Mollah et al. 1994). This 
behaviour distinguishes the undoped [4:3:3:4] glass from the corresponding Pb-doped 
glasses. It was also shown earlier (Som et al. 1993) that Bi4Sr3Ca3CuyOx glasses with 
more than 35 mol% of CuO do not show peaks in the temperature variation of the 
dielectric loss. The Bi-Sr-Ca-Cu-O glasses with higher concentrations of CuO (more 
than 35 mol% CuO) and the present Pb-doped glasses, as well as Li-doped glasses, 
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(a) Frequency dependence of e' at a fixed temperature of 333 K for different 
Bi4-„PbnSr3Ca3Cu40x glasses with n = 01. 0-5 and 10. (fc) Frequency dependence of 
e' for a typical Pb-dopcd glass (with n = 10) at different fixed temperatures. 
indicate similar behaviour of (e' — 7) and (E" — T) plots without showing any peak. Both 
Li-doped and Pb-doped Bi-Sr-Ca-Cu-O glasses show similar variations of e' and e" 
with temperature and ficequency. However, the d.c. conductivity of the Pb-doped glasses 
is higher tlun those of the Li-doped glasses (Mollah et al. 1993). 
The frequency variations of e" at a fiJced temperature of 333 K (say) for different 
Pb-doped glass samples are shown in fig. 6 (a). The similar plot of fig. 6 (Jb) is drawn 
for a fixed concentration (n = 1-0) and for different fixed temperatures. None of the 
curves in figs 6(a) and {b) exhibits a peak. 
§4. DISCUSSION 
Since no peak is observed in the temperature variations of e' or e" for different fixed 
frequencies, it is difficult to understand the behaviour of relaxation times in these 
glasses. However, it appears from the study of dielectric modulus M*, discussed below, 
that these glasses follow Debye-type dielectric relaxation process with relaxation 
frequency^ ( = \iix, x being the relaxation time). 
The dielectric loss peak is expected to be observed around the temperature where 
the d.c. conductivity approaches the total frequency-dependent conductivity in the 
higher temperature region (Sayer et al. 1971). Erroneous results are often produced 
(Mansingh 1980) by subtracting the two nearly equal quantities (total conductivity and 
d.c. conductivity) to obtain the value of the dielectric loss, e" ( = (fftot(co) - Oi c.)/weo, 
where ffiot(a)) is the total measured frequency-dependent conductivity and ffdx. is 
d.c. conductivity) in this higher temperature region. For this reason a well-defined 
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Fig. 6 
djOOOt 
2000 iOOO (000 1000 10000 12000 
(a) Frequency variations of e' at a fixed temperature (333 K) for different Bi* _„Pb„Sr3Ca}Cu40x 
glasses. (/>) Frequency variations of e" for a typical Pb-doped glass (with n = 10) at 
different fixed temperatures. 
peak in the plot of c" versus temperature may not be observed in some cases, as, for 
example, in the present PBY-type glasses. It is thus not possible to use conventional 
methods of estimating the relaxation frequency and determining the nature of the 
dispersion. Another approach using the dielectric modulus has therefore been 
adopted. 
The dielectric modulus is calculated (Macedo, Moyniban and Bose 1972) from 
Af* = A/' + iM" = 1/B*. The real and imaginary parts of the ^ dielectric modulus are 
related to the real (e') and imaginary (e*) parts of the dielectric constant e'*' by 
M' = e7[(e')* + (e")*! and AT = £''/[(e')^ + (s")M. The dielectric modulus M* provides 
important information particularly when the contribution of d.c. conductivity is large. 
A plot of AT versus temperature should give a peak at the temperature where the 
dielectric relaxation frequency is equal to the measuring frequency. For a typical PBY 
glass (with n = 0-5), we have plotted M' as a function of temperature for different fixed 
frequencies (fig. 7 (a)). Similar behaviour is also observed for other compositions of 
the PBY glasses. It is observed that at a low temperature M' tends to a constant value 
for all frequencies. This behaviour indicates the thermally activated nature of the 
carriers. To demonstrate the dielectric dispersion, the imaginary part M" has also been 
calculated and is plotted as a function of temperature (fig. 7 (&)) at different fixed 
frequencies. Figure 7 (i) shows peaks which shift to the higher-temperature side for 
higher frequencies. A similar nature of the temperature and frequency variation of ^f' 
is also observed for other compositions. The peak position in the variation of M" as a 
function of temperature (fig. 7 (fc)) gives the temperature at which the measuring 
frequency is equal to the relaxation frequency/c= v,exp( - WJkiT), where v, is the 
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Cole-Cole plots for a typical PBY glass (with n = 0-5) at different fixed temperatures. 
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characteristic phonon. frequency calculated from the d.c. conductivity data (Mollah 
1993) and W, is the activation energy for conductivity relaxation. The values of v^  
and W, obtained from the plots of log/c versus lOVr (fig. 8) are very close to those 
obtained from the d.c. conductivity data (Mollah 1993) of the corresponding 
glasses (see the table). The nature of this plot (fig. 8) is very similar to the variation 
with inverse temperature of the d.c. conductivity (Mollah 1993) of the PBY glasses, 
which suggests that the relaxation mechanism is thermally activated in nature similar 
to the d.c. conductivity. It is interesting to note that, like the PBY glasses, all the 
Li-doped and undoped Bi4Sr3Ca3CuyO, (y = 0-5) glasses also showed peaks (Som 
et al. 1993, Mollah et al. 1994) in the (Ai" - T) plots, indicating Debye-type relaxation 
behaviour. 
A plot of fi" versus e' (Cole and Cole 1941) gives important information about the 
distribution of relaxation time. The slope of the arc at e" = 0 is a measure of the extent 
of the distribution of relaxation times. According to Cole and Cole (1941), the complex 
dielectric constant e* is given by £* = £<»+ (e, - e^)/[l + (icotm)' ~^]. where tm is the 
mean relaxation time, e, and e . are the static and high-frequency dielectric constants, 
respectively, and ^ is an empirical parameter lying between 0 and 1. For P = 0, one has 
a single relaxation time, and P=l corresponds to an infinite distribution of relaxation 
times. To check this, we have plotted e" versus B' at a fixed temperature (T = 280 K) 
and at different frequencies for samples of all the PBY glasses as shown in fig. 9. The 
corresponding plots obtained for different temperatures for a typical PBY glass 
(n = 0-S) is shown in fig. 10. The slopes of the plots (figs 9 and 10) give the value of 
P = (l — P)n/2. The values of P obtained from the slopes of figs 9 and 10 are found to 
be greater than zero, indicating a distribution of relaxation times for these glasses. 
However, the semicircular nature of the curves as suggested by Cole and Cole (1941) 
is not found for the PBY-type glasses that become high-Tc superconductors in their 
crystalline phases. Similar behaviour is also exhibited by all the Li-doped [4:3:3:4] 
glasses studied earlier (Mollah et al. 1994). The large value of high-frequency 
capacitance or d.c. conductivity of the glasses may be responsible for such a behaviour 
(Grant 1957). 
§5. SUMMARY AND CONCLUSIONS 
We have measured the temperature- and frequency-dependent dielectric behaviour 
of the Pb-doped Bi4-«Sr3Ca3Pb„Cu40, (n = 01 , 0-5 and 10) glasses. None of these 
Pb-doped or other similar glasses, such as Li-doped Bi-Sr-Ca-Cu-O (Mollah et al. 
1994), show any peak in the temperature (80-450 K) or frequency (200-10000 Hz) 
ranges of our investigations. Furthermore, all the Pb-containing glasses exhibit 
Debye-type dielectric relaxation behaviour with a distribution of relaxation times. 
The relaxation process is predominantly thermally activated similar to the d.c. 
conductivities of these glasses. Finally, it is concluded that all the glass samples are good 
precursors for high-Tc superconductors and would be very suitable for drawing glass 
wires/tapes which could be made superconducting by properly annealing them between 
800 and 850"'C (as shown in fig. 2 for a typical glass sample). 
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Anomalous dielectric relaxation behavior of K-doped amorphous 
Bai_,K,BiOj_&U =0-0.75) oxides 
S. MoUah, A. K. Bera, S. Chakraborty, and B. K. Chaudhuri 
Solid State Physics Department, Indian Association for the Cultivation of Science, Calcutta-700032, India 
(Received 26 July 1993; revised manuscript received 22 November 1993) 
In this paper we report the dielectric properties of Bai-jK^BiOj-s (x =0, 0.2, 0.4,0.625, and 0.7S) 
glasses at different temperatures (80-450 K) and frequencies (1-10 kHz). Distinct anomalies (large in-
creases) in the dielectric constant (e') and dielectric loss (e") are observed for all the glasses between 297 
and 320 K. A similar anomaly showing a change from semiconducting to metallic behavior is also ob-
served in the electrical conductivities around the same temperature region. The anomalies observed 
around this temperature are considered to be associated with the orientational motion of the BiO] or 
BiO( structural units present in the glasses. Such motions might give rise to structural instability and 
different kinds of phase transitions including a superconducting transition in the crystalline phases. 
L INTRODUCTION 
The Ba,_,K,BiOj_j (BKB) and BaBi,_,Pb,03_8 
(BBP) type noncopper oxides have been greatly stud-
ied'~' because of their superconducting behavior at rela-
tively higher temperatures' (at 30 K for BKB with 
x=0.4). Recently, several other oxide glasses like 
Bi4Sr3Ca3Cu40j, (Bi-4:3;3:4) etc., have been found* to be 
good precursors for high-rf superconductors. While 
making an attempt to prepare BKB and BBP supercon-
ductors from their respective glassy phases, we noticed 
that only BKB forms glasses with different concentra-
tions of potassium (K) or other alkali metals. Since BKB 
and BBP oxides show both metal-insulator and supercon-
ducting transitions '^* in their respective ceramic phases, 
it is interesting to study and compare the semiconducting 
behavior of the BKB glasses with that of the Bi-4:3:3:4 
type glasses, which also show superconducting transitions 
in their respective glass-ceramic (crystalline) phases. 
In the present paper we report the interesting anoma-
lous nature of the dielectric constant (e') and dielectric 
loss (e") observed in the BKB and BaBiOj.j (without K) 
glasses. The said anomaly, also observed in the do con-
ductivity, is considered to be associated with the motion 
of BiO} or BiO(-type structural units already existing in 
the glasses. It is also pointed out that such an ionic or 
molecular motion is responsible for lattice distortion 
leading to interesting ferroelectric, metal-insulator, or 
even superconducting behavior. 
n. EXPERIMENTAL 
The Ba,_,K,BiOj_j glasses (BaBiOj.j, 
B3o.«Ko.2BiO]_5, Bao.4Ko.4Bi03_j, Bao37]Ko(23Bi03_g, 
and Bag 23K0 758103-5) were prepared by the quick-
quenching method discussed earlier.^  Appropriate 
amounts of BaCOj, K2C63, and BijO}, all of purity 
99.99% (or better), were well mixed for each composition 
and then first sintered at 500'C for 10 h. The sintered 
sample was melted at 1200 *C for 1 h (for each sample). 
The melt thus obtained was quickly quenched between 
two steel blocks at room temperature. The amorphous 
character of all the dark brown glasses (except the 
BaBi03_{ glass which is light yellow) was tested by x-
ray-diffraction (XRD) (Philips model PW 1710) and scan-
ning electron microscopic (Hitachi model 41SA) studies. 
The XRD patterns of some of the glasses, indicating their 
amorphous character, are shown in Fig. 1(a). The in-
frared (ir)- absorption spectra [Fig. l(b>] with KBr indi-
cate almost identical features with those of the Bi-
4:3:3:4-type glasses' containing Bi as discussed earlier, 
along with some new peaks.' The most prominent ir ab-
sorption peaks are indicated in Fig. 1(b). The fundamen-
tal peaks around 540-620 and 470 cm"' correspond to 
I I I I \ I L J l_J 
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36 28 
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FIG. 1. X-ray powder diffraction patterns (a) and infrared 
absorption spectra (b) of some Ba,_j,K,BiOj_j glasses. 
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TABLE I. Some important parameters for the Bai-;,K;,Bi03-f glasses-
Samples BaBiO)-i Bao. iKfl.jBiOs-J Bao.«Ko,4BiO)-s Baa375Ko.6jsBi03_s Bao jjBio 7jBiO)-
























'Error in the determination of density lies within ±3%. 
the presence of Bi03 and BiO« structural units as dis-
cussed earlier.' Densities (p) of the glasses (measured by 
Archimedes' method with carbon tetrachloride as an im* 
mersion liquid) first decrease with increase of K content 
show a minimum around x =0.4 (Table I) and then in-
crease with further increase of K content. This behavior 
is analogous to the "germanate anomaly" observed in the 
Na20-Gc02 glasses.' An estimation of the glass transi-
tion temperature (Tg) and oxygen content are made, re-
spectively, from differential thermal analysis and thermo-
gravimetric analysis. The oxygen content of the glasses 
are found to be 2 - 3 % less than the corresponding 
theoretical values. Some important parameters of the 
glasses are shown in Table I. The chemically estimated 
metal compositions, as shown in Table II, are found to be 
a little less than the corresponding theoretical values. 
This is primarily due to evaporation losses. The proper-
ties of the BKB glasses are assumed to be not affected by 
this small loss of metal ions. The dielectric constants of 
the well-shaped glass plates with sputtered gold elec-
trodes were measured by a bridge (GR model 1615A) as 
in our earlier work.^  Tlie gold-plated samples were an-
nealed at IQO'C for 2 h for good contact of the electrodes 
as well as for the removal of voids and microcracks, if 
any. To confirm the anomaly observed in the 
temperature-dependent dielectric constant curve (Fig. 2), 
we also measured dc conductivity [cr^) of the BKB 
glasses (Figs. 2 and 3) as a function of temperature, fol-
lowing the procedure discussed earlier.'' The Ohmic 
character was confirmed from the I-V characteristic 
curves for all the glasses. 
III. EXPERIMENTAL RESULTS 
The thermal variations of dielectric constant (E') at 
different frequencies for the BaBiO}_{ and 
^%37S^.i2s^Q'0]-5 gl^ses [shown in Figs. 2(a) and 
2(b)] exhibit sharp peaks around 300 K. The peak tem-
perature (T^ say) slightly varies with K concentrations as 
shown in Table I. Other glass compositions also show 
similar behavior. It is interesting to note that a similar 
anomaly has also been observed in the temperature-
dependent dc conductivity {<r^) as shown in Figs. 2(c) 
and 3 for some of the glasses in our investigation. Below 
the peak temperature T ,^ E' increases with increase of 
temperature whereas above T. it decreases first and then 
again increases linearly with increase of temperature. In 
many transition-metal oxide (TMO) glasses"-'^ and also 
in the Bi-4:3:3:4-type glassy* precursors for high-T^ su-
perconductors, E' increases very slowly with temperature 
in the low-temperature region; but above a certain tem-
perature it increases very sharply with increase of 
temperature, which is not observed in the BKB and 
BaBiO}-( glasses. Furthermore, the peaks observed in 
E'-T plots of some TMO glasses''-'^ mentioned above in-
dicate Debye-type dielectric relaxation behavior. But un-
like BKB glasses the TMO glasses, in general, do not 
show any peak in dc conductivity. As shown in Figs. 2(c) 
and 3(a) the thermal variation of dc conductivity indi-
cates metallic behavior above T^  (decrease of conductivi-
ty with increase of temperature), which is similar to a 
metal-insulator-like transition. At lower temperature 
(below Tf), ffjc remains almost temperature independent 
[Fig. 3(a)]. These are the very special features of the 
BKB-type glasses. 
Figure 4(a) shows the nonlinear variation of e' with fre-
quency for a typical Bag jyjKg ^isBiOj.j glass. The cor-
responding variations of t' for different glasses at a fixed 
temperature of 343 K are shown in Fig. 4(b). This type of 
nonlinear variation of dielectric constant with frequency 
is also uncommon in many TMO glasses studied ear-
ji„.«.>1.12 
The dielectric loss (E") of the BKB glass was calculat-
ed from the ac conductivity (T^((O) data, as discussed ear-
lier,' using the relation E"(<a) = cr,c(<u)/(eo<y) (where EQ is 
the permittivity in vacuum and &j is the measuring angu-

























'Error in the determination of wt % lies within ±5%. 
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FIG. 2. Thermal variations of the dielectric constant (e') of 
some Ba,.xK,BtO}-t glasses with x - 0 (a) and x «0.62S (b) at 
different frequencies 10 (O), S (X), and 1 (•) kHz, respectively, 
(c) Variations of logioCo-dc) and logiodr,) as a function of inverse 
temperature (where ((7-^ =dc conductivity and a, = total 
frequency-dependent conductivity) of the typical BaBiOj-t 
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FIG. 4. (a) Frequency-dependent dielectric constant (e') at 
different temperatures of the Bao.3',sKo.e'7sBi03-[ glass and (b) at 
different potassium concentrations (for a fixed temperiiturc of 
343 K) of the Ba,-,Kj,Bi03-| glasses, (c) Thermal variation ol" 
the imaginary part of the dielectric constant (E") and (d) dielec-
tric modulus (M") of the BaBiOj-j glass at 10 (O ), 5 (D), and 1 
(•) kHz. 
lar frequency). For the BaBi03_( glass, the temperature 
variation of e" [Fig. 4(c)] indicates the presence of a 
sharp peak around 7"^  where e' and the dc conductivity 
also showed peaks [Figs. 2(c) and 3(a)]. A similar plot for 
another glass 630.373X0 ^jjBiOj.s shown in Fig. 5(a) indi-
cates two sharp peaks; the first peak around 7^ resembles 
2.5x10 
ISO 200 250 300 350 
T (K) 
FIG. 3. (a) Thermal variations of dc conductivity of the 
BaBIOj-j and Bao sKo «Bi03_5 glasses; (b) Variation of the 
thermally stimulated depolarization current (TSDC) of the 
Bao iKo ^ BiOj-s glass for different applied voltages a 250, b 200, 
c 150, and d 100 V. 
FIG. 5. Thermal variation of the imaginary pan of the (a) the 
dielectric constant (E"), (b) the real part of the dielectric 
modulus (A/') and (c) the imaginary part of the dielectric 
modulus iM") at 10 (D), 5 (O), and 1 (•) kHz of the 
Bao 375Ko 673B1O3-5 glass. 
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the first anomaly observed in the e' versus T plot [Fig. 
2(b)], and the other relatively broad peak appearing at a 
higher temperature is the dielectric anomaly associated 
with Debye-type relaxation with a relaxation frequency 
/ j = 1 /2rrT (where T is the relaxation time). All the other 
BKB glasses show the second peak. For the BaBiOj-j 
glass, the second peak is not prominent [Fig. 4(c)] and it 
might appear at a higher temperature beyond the temper-
ature range of our investigations. Both E' and e" increase 
with increase of K content in the glasses. The peaks ob-
served in the z'-T, t"-T, and cr^^-T curves for the BKB 
glasses are considered to be associated with origins other 
than the Debye characteristic peak observed in many 
TMO glasses. To show the Debye-type relaxation 
behavior, it is sometimes (where e" vs T curves do not 
show the Debye peak) important to study the 
temperature-dependent dielectric modulus, as discussed 
below. 
Using the experimental values of E' and E", the real 
[A/' = e'/((e')^+(e")^]] and the imaginary [Af"=E"/ 
[(£')^+(e")^)] parts of the dielectric modulus {M*) are 
calculated.'^ The thermal variation of M' for a typical 
BaQ ]7jKo g75BiO]_s glass shown in Fig. S(b) indicates a 
small anomaly around T^. The corresponding variations 
of M" with temperature for the BaBiO]_j and 
Bao ]7}Ko g75BiO]_5 glasses are shown, respectively, in 
Figs. 4(d) and S(c) both of which indicate sharp peaks 
around the respective T^  values (Table I). Other glasses 
also show similar behavior. Except for the BaBi03_{ 
glass [Fig. 4(d)], a second maximum is also observed in 
the M"-T plots [Fig. 5(c)]. The peak position of the 
second maximum shifts to the higher-temperature region 
with increase of frequency [Fig. S(c)]; this is a charac-
teristic feature of Debye-type relaxation behavior of the 
BKB glasses in the regions for T>Tf. For the Ba-
Bi03_g glass, the second maximum in the M"-T curve is 
not observed within the temperature range of our investi-
gation. The first peak height in the t"-T and M"-T plots 
is also found to decrease with increase of measuring fre-
quency. The second higher-temperature peak position of 
the M" versus T curves gives the temperature at which 
the measuring frequency is equal to the relaxation fre-
quency / j [ = v^expl — Wf/kgT), where W^ is the activa-
tion energy for conductivity relaxation, and kg is the 
Boltzmann constant]. Since the behavior of/, plotted as 
a function of \/T (for T>Tf) is almost similar to the 
temperature-dependent dc conductivity (ajj), a thermal-
ly activated dielectric relaxation mechanism is indicated 
above Tp. 
To find information about the relaxation times, we also 
plotted e"(a;) versus e'(<u) (known as a Cole-Cole plot'^ ) 
at a fixed temperature of 255 K, as shown in Fig, 6 for 
some typical glass compositions. The semicircular nature 
of the curves as suggested by Cole and Cole'* is not very 
prominent for these glasses. This is also true for the Bi-
4:3:3:4 glasses studied earlier.' As suggested by Grant'^  
this might be due to the large value of the high-frequency 
capacitance or dc conductivity of these glasses. A similar 
nature of the Cole-Cole plot has recently been observed 
in polymeric semiconductors.'* Due to the lack of a fit of 
17.85 17.90 17.95 leo 
FIG. 6. Variation of the imaginary part (e") as a function of 
the real part (e") of the dielectric constant for three different 
BKB glasses at a fixed temperature (2SS K). 
the experimental data to a pure semicircular Cole-Cole 
plot and because of the limited frequency range of our 
measurements, it is difficult to determine accurately the 
value for ^  [the slope of the Cole-Cole plot at e" = 0 gives 
the value of (1 —^)7r/2]. However, from Fig. 6 it is clear 
that the values of ^ for different BKB glasses are greater 
than zero but less than 1. This indicates that the BKB 
glasses have a distribution of relaxation times similar to 
the Bi-4:3'.3:4 glasses,' becoming superconducting in their 
glass-ceramic phases. 
IV. DISCUSSION 
The large dielectric peak observed in the BKB glasses 
between 300 and 320 K is found to be not due to the ap-
pearance of spontaneous polarization, as in the case of 
ferroelectric materials.'^ There are examples" of large 
dielectric anomalies in crystals without ferroelectric or 
antiferroelectric transitions. The large anomalies in the 
dielectric constants, and loss factors as well as in the dc 
conductivity of the BaBiO]_s and BKB glasses are con-
sidered to be associated with the orientations of the Bi05 
octahedra or the Bi03 tetrahcdral units' around T^ . The 
presence of such structural units has already been indi-
cated from the ir spectra [Fig. 1(b)] of these glasses. 
Since Bi can exist in two valence states Bi^ '*' and Hi'"*", a 
change from the low-valence state to the higher-valence 
state is also possible. However, it is also observed'" from 
thermally stimulated depolarization measurements that 
thermally stimulated depolarization currents (TSDC) 
plotted as a function of temperature show peaks around 
Tj,. This type of anomaly in the TSDC versus tempera-
ture curves, as shown in Fig. 3(b) for a typical 
Bao5Ko<03_5 glass, also indicates the probable dipolar 
orientation in these glasses." 
It should be pointed out that such an anomaly around 
Tp has not been observed in the ceramic BKB or 
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BaBiOj-j samples. At higher temperatures both 
BaBi,_,, PbjtPbjjOj-s and Ba,_,K,Bi03_j exhibit, for 
all X, the ideal cubic perovskite structure.*""^' .They also 
undergo a variety of structural phase transitions as a 
function of x. The various low-temperature phases 
represent only small distortions from the ideal phase. 
For X = 1 , a charge-density-wave instability of Pb or K 
leads to semiconducting behavior.^ '^^ ^ With increase of 
Pb or K concentration, the semiconducting energy gap 
decreases and semimetallic behavior results for x <0.4. 
It is seen from Fig. 3(a) that, even in the glassy phase, a 
decrease of dc conductivity with increase of temperature 
(metallic or semimetallic behavior above T^) is observed. 
We believe that the rotational or orientational motion of 
the BiO] structural units mentioned above gives rise to 
structural instability in the glass network (as in ferroelec-
tric crystals) in the presence of strong electron-phonon 
interaction in such a system. 
As for BKB glasses, large dielectric constants have also 
been reported in La2Cu04,^* and in the high-temperature 
phase of polycrystalline YBajCujO,,^* associated with 
structural instability. Ferroelectrics generally exhibit a 
large dielectric constant (E') both above and below (but 
near) their Curie point Tf. It was shown by Testardi 
et al.^^ that the large dielectric constants observed in 
LilC\3iO^ or in the . high-temperature phase of 
YBajCujO, are not precisely due to true ferroelectricity, 
but to incipient ferroelectricity or some other causes. 
Frohlich" pointed out that the conditions e'—»-oo and 
Qjj-—»-0 for T>Tj would lead to an insulator-
(semiconductor-) to-metallic transition on cooling if the 
system retained linear response, or a ferroelectric transi-
tion in the event of nonlinear response. Similar argu-
ments appear to be true even for the BKB system. Re-
cently Bussmann-Holder et al?^ also suggested the possi-
bility of a common origin of ferroelectricity and super-
conductivity for the BaBii _,Pb,03_5-type oxides. 
KristofTel and Konsin '^ ^ also showed the importance 
of such structural instability arising from strong 
electron-phonon interactions. Not only is the application 
of such a model to elucidate the mechanism of supercon-
ductivity justified, but their structural similarity to the 
ferroelectric perovskites also, shown by the fact that 
these systems exhibit high static dielectric constants,^' 
suggests that an important role is played by the electron-
phonon interaction. The unusual local anisotropy of the 
nonUnear electron-phonon interaction (arising from such 
orientational motion of some of the ions or groups in the 
lattice) admits the reduction of a three-dimensional sys-
tem to pseudo-one-dimensional systems as only one axis 
is lattice-dynamically relevant for the evolution of the po-
lar state [e.g., [100] in ABOj (Ref. 30)]. The basic as-
sumption of the underlying model is that in superconduc-
tors the same nonlinear electron-phonon coupling plays 
an essential role, thus again admitting the application of 
a one-dimensional model. It can be shown -^ ^ that the 
lattice distortion and also the semiconducting energy gap 
decrease with increase of temperature (from low tempera-
ture) as in the theory of superconductivity and the Peierls 
transition.^" Jorgensen et al}^ also considered lattice in-
stability to explain superconductivity in La2_jtBaj,Cu04. 
The nonsuperconducting LaiCuO,,, which has an ortho-
rhombic structure, exhibits semiconducting behavior. 
The orthorhombic distortion is proposed to result from a 
Peierls Ikf instability or a soft zone-boundary phonon 
mode. The role of Ba is to suppress the instability and 
stabilize a higher-symmetry tetragonal structure, which is 
metallic or superconducting. 
Thus it appears that the strong electron-phonon in-
teraction in BKB- or in BBP-type oxides might give rise 
to many types of transitions including superconducting^' 
transitions. From knowledge of the existing theoretical 
models,^'"^'"^' the nonlinear behavior of the conductivity 
and large dielectric constant can be phenomenologically 
explained. In the BKB system the rotational motion of 
the active ions (Bi03 or BiOj) plays an important role for 
strong electron-phonon interaction and lattice distortion. 
The elaborate calculation which has already been carried 
out by Bussmann-Holder et al}^'^^ for the 
BaBii_,Pb,03_6-typc oxides elucidated interesting 
features of superconductivity and ferroelectricity. 
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BaTi03 doped 90V2Os-10Bi2O3 (VB) oxide glasses show a larger dielectric constant 
(10^-10*) compared to that of the base glass VB (-10^). The VB glass with 15 wt. % 
BaTiOs shows the largest dielectric constant, and all the glasses show a Debye-type 
dielectric relaxation behavior. The increase in dielectric constant appears to be mainly 
due to the formation of microcrystalline clusters of BaTiOs (1.8-8 fim, depending 
on the BaTiOj concentration present in the base glass). Other than the dilution effect 
with BaTiOa, the glass-former oxide 61263 also influences the dielectric behavior of 
BaTi03 doped VB glasses. 
Ceramics and glasses with large dielectric constants 
are very important for technological applications.' Semi-
conducting barium titanate grains separated from each 
other by insulating layers have also been used to develop 
barrier layer capacitors.^ In the present communication 
we have reported that the BaTiOj doped V205-Bi203 
glasses have very larger dielectric constants with Debye-
type dielectric relaxation behavior. 
The starting base glass 90V2Oj-10Bi2O3 (VB) and 
the (VB -t- xBaTiOs) glasses (VBBT) with x = 5, 10, 
15, 20, 30, and 40 wt. % of VB (termed, respectively, 
VBB5, VBBIO, VBB15. VBB20, VBB30, and VBB40) 
are prepared by a quick quenching method similar to 
our earlier work.^ High purity (99.9%) V2O5, Bi203, and 
BaTiOj (particle size 1.8-2 fim) are mixed together in 
appropriate proportions and heated at 900* to 1100 *C 
(depending on BaTiOj concentrations) for 2 h and then 
quenched to room temperature between two copper 
plates. The glass plates are cut, polished, and gold 
plated by sputtering before dielectric and electrical mea-
surements. The amorphous character of the samples was 
studied by x-ray diffraction (Philips, Model PW 1710). 
The scanning electron microscopic studies (Model 415A, 
Hitachi, Japan) of three different glasses (VBB5, 
VBB15, and VBB20), shown in Fig. 1, indicate the pres-
ence of small clusters/particles of microcrystalline 
BaTi03 embedded in the glass matrix. These particle 
sizes of the clusters vary from 1.8-8 ^m, depending on 
the concentration of BaTiOs in the base glass. The glass-
transition temperatures (T^) (measured with a Shimadzu 
thermal analyzer. Model DT-30) of the samples are 
shown in Table I along with some other important pa-
rameters. The composition of the metal ions in the 
glasses tested by EDX studies (Model 3600-0388, 
KEVWX International, USA) was found to fall within 
±5 wt. % of the corresponding theoretical values. Di-
electric constants (e') and dielectric losses (e") of the 
glasses were measured by the Gen-Rad type 1615A 
capacitance bridge technique.' 
Temperature (100-480 K) and frequency 100 Hz to 
10 kHz) dependencies of both e' and e" have been mea-
sured for all VBBT and VB glasses. The thermal varia-
tions of e' and e" for the base glass (VB) shown in Fig. 2 
indicate broad peaks. The peak height decreases with the 
increase of frequency. Variations of e' with frequency 
for all the VBBT glasses at three different temperatures 
(360 K, 300 K, and 110 K) are shown in Figs. 3(a), 3(b), 
and 3(c), respectively. The frequency dependence of the 
imaginary part of the dielectric constants (e") of all the 
glasses at a fixed temperature is also shown in Fig. 3(d). 
It is observed from Fig. 3 that the dielectric constants 
of the VBBT glasses do not increase consistently with 
the increase of BaTiOj concentration. At lower frequen-
cies (below 3 kHz) and at a temperature of 300 K (or 
above), the dielectric constant of the VBB15 glass is 
the highest (with respect to other VBBT glasses) and is 
comparable with that of pure BaTiOj oxide. It is also 
observed from Figs. 3(a)-3(c) that with the increase in 
frequency e' decreases at all temperatures, and at low 
temperature (110 K and below) e' is almost independent 
of frequency (particulariy at higher frequencies). The 
dielectric constants of the VBBT glasses are also larger 
than those of many other transition metal oxide (TMO) 
glasses such as Bi203-V205,*-^ Bi203-Fe203,' etc. 
Unlike VB glasses, the (e'-T) plots of the VBBT 
glasses do not show (up to 480 K) sharp peaks, as shown 
in Fig. 4(a) for the typical VBB15 glass. The values 
of dielectric loss e" for the VB and VBBT glasses are 
obtained, as usual, from the ac conductivity data using 
the relation,^'' oieoe" = o-(total) - cTic, where £r(total) 
is the measured total conductivity, cTi^ is the dc con-
ductivity, CO is the measuring angular frequency, and 






FIG. 1. Scanning clcclron niiaogiaphi of thiee typical glasses. 
W VBB5, (b) VBB15, and (c) VBB20, showing glassy charac-
ter wiih mictocryslallinc clusters of BaTiOj. [In (a) and (b) 
20 mm - 30 ^m, and in (c) 20 mm - 40 /xm.) 
«o IS the free space pennittivity. UnJike the base glass 
VB, no peak in the dielectric loss curve of VBBT 
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FIG. 2. Thermal variations of (a) dielectric constant €'(a)) and (b) di-
electric loss £"((j) of the TOVjOs-lGBiiOj (VB) glass at different 
frequencies. 
glasses exists within the temperature range of our in-
vestigation. Figure 4(b) shows the (e."—T') curves of the 
VBB15 glass at different frequencies. Similar behav-
ior [as in Fig. 4(b)] is also exhibited by other VBBT 
glasses. Such peaks in the VBBT glasses may, how-
ever, appear at much higher temperatures (above 480 K). 
The appearance of such a peak in the base glass VB, 
as shown in Fig. 2(b), is an indication of the Debye-
type dielectric dispersion characterized by a relaxation 
frequency /o (/o = I/ZTTTO, where TQ is the dielectric 
relaxation time). The thermal variations of tan 5 (where 
tan 5 = e"/e') for the typical VBB15 glass are, how-
ever, very large and exhibit peaks [Fig. 5(a)) that shift 
to a higher temperature region with the increase of 
frequency. 
To show dielectric dispersion behavior more clearly 
(for the VBBT-rype glasses where the e'-T or z"-T 
curves do not show clear peaks), it is interesting to 
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(c) 110 K. (d) Variations of dielectric loss (e") of the VBBT glasses 




FIG. 4. Thermal variations of (a) dielectric constant e'iai) and 
(b) dielectric loss £"(u) of the VBB15 glass at 500 Hz ( • ) , 1 kHz 
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FIG. 5. (a) Temperature dependence of tan 5 (lan 5 = E'VE')-
(b) Real (W) and (c) imaginary (W") pans of the dielectric modulus 
of (he VBB15 glass al 500 Hz (M), 1 kHz (D), 5 kHz (•), and 
10 kHz (O). 
plot the real (A/') and the imaginary {M") parts of the 
dielectric modulus' of the glasses. Both M' and M' are 
related to dielectric constants as M' = [e'/(e')^ + (e")^] 
and M" = [e'/ie')^ + (s")^]. Thermal variations of both 
M' and M' show peaks for all the VBB15 type glasses. 
The variations of M' and M' with temperature, for the 
typical VBB15 glass, are shown in Figs. 5(b) and 5(c), 
respectively. At high temperature M' tends to reach a 
constant value, which shifts to a higher temperature 
region for higher frequencies. This behavior indicates 
the thermally activated nature of the dielectric constant 
in the VBBT glasses. The M" vs T curve [Fig. 5(c)) 
shows peaks that also shift to higher temperatures for 
higher frequencies. The peak positions of M' give the 
temperature at which measuring frequency (w) is equal 
to the relaxation frequency /c «= v^ txp{-Wc/\:BT), 
where W^ is the activation energy of conductivity relax-
ation. The/e'vs T"' curves for the VBBT type glasses are 
found to be very similar to the temperature dependent 
dc conductivit_y curve of the same glasses, suggesting 
that both dc conductivity and relaxation mechanism are 
thermally activated in nature.^ 
We also attempted to find the nature of the dielec-
tric relaxation behavior of the VBBT glasses from the 
Cole-Cole plot* at a fixed temperature and different 
frequencies, as shown in Fig. 6. The slopes of these 
curves at a fixed temperature (say, 300 K) increase with 
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FIG. 6. Cole-Cole plots of VBBIS glass it 300 K (a), 180 K (b). 
and 360 K (c); VBBS glass at 300 K (d). VBBIO glass at 300 K (e). 
VBB20 glass at 300 K (f), and VBB30 glass at 300 K (g). 
the increase of BaTiOs concentration. This means that 
the (iistribution' of relaxation times becomes sharper 
with the increase of BaTiOs concentration. This behavior 
is not very common in the transition metal oxide glasses. 
Moreover, the semicircular nature of the curves as sug-
gested by Cole and Cole* is not well visualized in these 
glasses. This might, however, be due to large values of 
high frequency capacitance or dc conductivity of these 
glasses as suggested by Grant.' 
Finally it is concluded that the dielectric constants of 
all the VBBT glasses are much higher than the undoped 
V205-Bi203 and similar TMO glasses*^ mentioned 
above. This increase is primarily due to the formation 
of small microcrystalline clusters of BaTiOs (1.8-8 fim 
sizes) in the glasses as observed from the SEM micro-
graphs (Fig. 1). The particle sizes are larger and well 
separated for the glasses containing lower concentralions 
of BaTiOj. The increase of e' is consistent with the 
increase of BaTiOj up to 15 wt. % of BaTiOj, and then 
it decreases with further increase of BaTiOs in the base 
glass. Here the glass-fonmer oxide (Bi^Os) appears to 
play an important role. In support.of this we find that 
9OV2O5-IOP2O5 + xBaTi03 glasses do not show'^ such 
large dielectric constants as in the present VBBT glasses. 
Though the tan 5 values of the VBBT glasses are 
very large and not suitable for use as capacitor tnaterials, 
it was found that the addition of about 1-2 wt. % of 
Ag powder (1.5-1.8 ^m particle sizes) reduces the tan 5 
value of the VBB15 glass by about 20-30%. Therefore, 
the VBBT glasses show the interesting and unusual na-
ture of heterogeneous transport that distinguishes them 
from many TMO glasses. 
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Abstract 
The temperature- (80-450 K) and frequency- (50-10* Hz) dependent dielectric constant, e', and loss, e", for 
Li-doped Bi4Sr3Ca3_,Li,Cu40, (r » 0.0, 0.1,0.5 and 1.0) glasses, which become high T^ superconducting oxides in 
their crystalline phases, have been measured. Unlike many other semiconducting transition metal oxide glasses, the 
temperature variations of «' and «" of the Li-doped glasses do not have a peak within the frequency range of the 
investigations. However, the imaginary {M") parts of the dielectric modulus, M*, have peaks indicating Debye-type 
dielectric relaxation behaviour with a distribution of relaxation times. The relaxation behaviour is thermally 
activated. 
L Introduction 
The transition metal oxide (TMO) glasses are 
important for many technological applications [1-
3]. Some of these glasses might also be used [4] 
for first protonic switching. Recently, a special 
type of TMO glasses with compositions such as 
Bi4Sr3Ca3Cu40;, have been prepared [5-10] and\ 
show superconductivity in their crystalline phases. 
The Bi4Sr3Ca jCu^O, [4:3:3:4] glass, in partic-
ular, has been well investigated because it is a 
glass from which a single phase Bi2Sr2CaCu208 
(2:2:1:2) superconductor can be prepared [10]. 
Another alkaii-metal-doped Bi-Sr-Ca-Cu-O 
* Corresponding author. Tel: + 91-33 46 9371. Telefax: + 91-
33 473 2805. Telex: (021)5501 ICAS IN. 
glass system with lower glass melting temperature 
and higher superconducting transition tempera-
ture, r^, in their crystalline phases have also been 
reported [7,9]. Electrical properties of these Li-
doped Bi4Sr3Ca3_jLi^Cu40, glasses have re-
cently been invustigated by us [7] and it has been 
shown that these Li-doped glasses are precursors 
for high Tj superconductors. 
In the present paper, we report dielectric be-
haviour of these Li-doped Bi4Sr3Caj_jLijCu40_, 
glasses (hereafter referred to as LIYO, LIYl, 
LIY2 and LIY3 glasses, respectively, for z = 0.0, 
0.1, 0.5 and 1.0). It has also been shown that the 
temperature- and frequency-dependent dielectric 
properties of these Li-doped [4:3:3:4] glasses, 
which are superconductors in their crystalline 
phases, show some uncommon features not gen-
erally observed in many transition metal oxide 
glasses (such as V205-Bi203, FejOj-BijOj, 
0022-3093/94/$07.00 O 1994 Elsevier Science Publishers B.V. All rights reserved 
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VjOj-PjOj [13-16], etc.) which are not super-
conductors in their respective crystalline phases. 
2. Experimental 
Detailed methods of preparation of these LIY 
glasses by a quick quenching technique from their 
respective liquid states have been discussed [7,8]. 
Since the copper contents of these glasses change 
with melting temperature as well as with duration 
of melting [11], each glass specimen was kept in 
its liquid state at 1200'C for 1 h and then the 
liquid was quickly quenched between two copper 
blocks at room temperature. The total copper 
contents of the glasses as shown in Table 1 are 
obtained from chemical analysis similar to our 
earlier work [8]. The amorphous state of all the 
samples was confirmed by X-ray diffraction 
(Philips X-ray generator model PW 1130 coupled 
with a diffractomcter model PW 1710) and scan-
ning electron microscopy (Hitachi model 415A) 
[7,17]. The densities of samples were measured by 
Archimedes' principle using carbon tetrachloride 
as the immersion liquid. The mean of five inde-
pendent measurements with each sample was 
taken as the value of density. Tbermogravimetric 
analysis (TGA) of the glass samples was carried 
out with a thermal analyzer (Shimadzu DT-30 
(Japan)) three times for each sample. The glass 
transition temperature, T^, was determined from 
the mean value of T^  obtained for two samples of 
each composition using a differential scanning 
calorimeter (DSC) (Perkin-Elmer DSC-7). The 
dielectric constant, e', was measured by a capaci-
tance bridge (GR Model 1615A) in a low temper-
ature cryostat [5,11-13]. The temperature and 
frequency dependences of e' and ac conductivi-
ties, o-Jo)), of the Bi4Sr3Ca3_,Li,Cu40^ sam-
ples were measured simultaneously using this 
bridge technique. The imaginary parts of dielec-
tric constant, e", were calculated from the ac 
conductivity data as discussed below. 
3. Results 
Some of the important parameters of the 
glasses are shown in Table 1. Total copper 
concentrations of the glasses obtained by chemi-
cal analysis do not vary appreciably as shown in 
Table 1. The theoretical values of oxygen content, 
X, in the Bi4SrjCa3_,Li,Cu40, samples are 
16.00, 15.95, 15.75 and 15.50 for z = 0.0, 0.1, 0.5, 
and 1.0, respectively. With increase of Li (or 
decrease of Ca) in the LIY glasses, the values of 
X, obtained from tbermogravimetric analysis, 
change (±5% from the corresponding theoretical 
values [11,17]). The glass samples containing oxy-
gen greater than the above limit were not mea-
sured. The densities of the Li-doped samples 
(except for the LIYl sample) are larger than the 
undopcd [4:3:3:4] samples (Table 1). 
The ac conductivity, o;c(w), of these samples 
can be fitted [18] with the relation cr„(w) =Au' 
(where A slowly varies with temperature and s is 
Table 1 
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r,, glass transition temperature; T^, superconducting transition temperature; 0 Q , Debye temperature; v,, characteristic phonon 
energy; W,, activation energy for conductivity relaxation. 
* Obtained bom DSC studies. Since 7*, depends on various factors such as thermal history, annealing rate, etc., we studied DSC of 
the as quenched glass samples with heating rate of lO'C/min for all samples. 
** Obtained from the resistivity measurements of the respective glass-ceramic phases which wu obtained by annealing the glass ai 
850*0 for 48 b in air. 
' Calculated from the dependence of logio(<r4£) on lO'/T. 
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the frequency exponent, generally less than unity). 
Here, we assume ^ is a constant. 
The temperature dependence of e' and e" for 
one of the Li-doped glass samples is shown in 
Figs. 1(A) and KB), respectively. Similar temper-
ature dependence is also observed for other com-
positions. 
3.7. Variation of e' with temperature and fre-
quency 
Fig. 1(A) shows the temperature dependence 
of dielectric constants, e', for a typical Li-doped 
(LIYl) glass sample at different measuring fre-
quencies. No peak in c' as a function of T is 
observed for any of these glass samples. (It should 
be noted that the solid lines in Fig. 1 and in other 
figures discussed below are guides for the eye.) e' 
varies slowly with temperature to a temperature, 
TQ, where T^ is a function of composition of the 
samples. For the three compositions, Tg ranges 
from 240 to 270 K. T^ is the temperature at 
160 200 2M) 280 320 
T(K) 
Fig. 1. (A) Thermal variation of dielectric constant, «', of 
Bi4SrjCaj.jLi,Cu40, sample with r-0 .1 at different fre-
quencies. (B) Temperature dependence of e" for Bi4Sr3-
Caj.^LijCu^O^ sample with z - 0.5 at different frequencies. 
Lines are guides for the eye. 
Fig. 2. (A) Frequency dependence of c' at a fixed tempera-
ture of 298 K for different Bi4ST3Ca3_,U2Cu40j, samples 
with z - 0.0, 0.1, 0.5 and 1.0. (B) Frequency dependence of e' 
for a typical Li-doped sample Bi4SrjCa2jLio.jCu40, at dif-
ferent temperatures. 
which the value of c' begins to increase from an 
approximately constant value at temperatures < 
TQ. T^ is equal approximately to half of the 
Debye temperature, ©p, of the respective sam-
ples. The values of ©Q as shown in Table 1 are 
calculated from the dc conductivity, a^^, data [7] 
(from knowledge of the temperature at which the 
linear dependence of logio-^^) on 10^/T ends 
[19]). Above this temperature (T^), the values of 
e', for samples of all the compositions, increase 
with increase of temperature. The variation of c' 
with frequency for all the LIY samples (shown in 
Fig. 2(A)) at a temperature of 298 K indicates 
that at this temperature values of e' are larger 
for the samples with larger Li concentration. Fre-
quency dependence of one of the glass samples 
with z = 0.5 at different temperatures, as shown 
in Fig. 2(B), indicates that the values of e' de-
crease with increase of frequency. The rate of 
this decrease of e' is larger at higher tempera-
tures. The other samples with different Li con-
centrations have a similar temperature depen-
dence. This type of dependence is also similar to 
those of many TMO glasses [13-16]. 
3.2. Variation of e" with temperature and fre-
quency 
The dielectric loss, e", has been calculated 
from the relation e"(<o)-o-^Jico)/€QCj (where 
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flHzl 
Fig. 3. (A) Frequency variations of <" at a temperature (298 
K) for samples of different Bi4Sr3Ca,_,Li,Cu40, glasses. 
(B) Frequency variations of t' for a sample of a typical 
Li-doped glass (with z - 0.5) at different temperatures. 
(T^Jiu)) is the real part of the ac conductivity and 
to is the permittivity of free space). Fig. 1(B) 
shows that the temperature dependence of e" is 
similar to that of e' (as shown in Fig. 1(A)). 
Dielectric constants, e', and dielectric losses c", 
of the LIY glasses do not have maxima when 
plotted as a function of temperature (Figs. 1(A) 
and KB)). 
The frequency variations of e" at a tempera-
ture of 298 K for different LIY glass samples are 
shown in Fig. 3(A). A similar plot shown in Fig. 
3(B) is for the sample with z » 0.5 and for differ-
ent temperatures. No maxima are evident in the 
data in Figs. 3(A) and 3(B). 
4. Discussion 
Unlike many TMO glasses [13-16], the present 
LIY glass samples as well as the undoped 
Bi4Sr3Ca3CUyO, (y •= 0-5) glass samples [12], all 
becoming superconductors in their crystalline 
phases, do not have a maximum in the tempera-
ture variation of e' within the temperature and 
frequency ranges of our investigations. Here, it is 
interesting to note that another series of glassy 
precursors for high T^ superconductors, Pb-doped 
Bi4_,Pb^Sr3Ca3Cu40, (2 = 0-1.0) glasses [17], 
do not have maxima in the frequency and thermal 
dependences of dielectric constant. 
The temperature variation of e" for the LIY 
samples differs from that of the other semicon-
ducting TMO glasses mentioned above [13,16]. 
However, the temperature dependent dielectric 
loss, e", for the undoped samples of the [4:3:3:4] 
sample had a maximum around 360 K (Fig. 4). 
This behaviour distinguishes the undoped [4:3:3:4] 
sample from the corresponding Li-doped sam-
ples. It was also shown earlier [12] that the 
Bi4Sr3Ca3CUyOj, glasses with more than 35 mol% 
CuO do not have maxima in the dielectric loss. 
The Bi-Sr-Ca-C;u-0 glasses with higher con-
centrations of CuO (>35 mol% CuO) and the 
present Li-doped glasses have a similar behaviour 
of e' on T and e" on T without maxima. Simi-
larly the Pb-doped Bi4_,Pb,Sr3Ca3Cu40, (2 = 
0-0.1) samples also do not have maxima in their 
e' ( D and e" (T) between 80 and 450 K [17]. 
Both Li-doped and Pb-doped Bi-Sr-Ca-Cu-O 
samples have similar variations of c' and e" with 
temperature and frequency. 
Since the differences in the oxygen content of 











b .1kHz 3 
c :SkHz ./ 
d :10kHz fib 
J^ 
leo n o JBo // N» 
\a 
"^d 
80 180 280 380 
T(K) 
Fig. 4. Thermal variation of <" for the Bi4Sr3Ca3Cu«0, base 
glass sample with different frequencies. The inset shows the 
thermal variation of «' for the same sample. 
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dent changes observed in the dielectric properties 
of the Li-doped samples are assumed to be pri-
marily due to variations in z (i.e., Li content). 
Although no maxima are observed in the temper-
ature dependence of e' or e" for a fixed fre-
quency, these samples have a Debye-type dielec-
tric relaxation process with relaxation frequency 
/c (= I'^T, T being the relaxation time) [20]. This 
relaxation process can be more clearly resolved 
from the calculation of dielectric modulus. A/*, 
as discussed below. 
It is also to be noticed that a dielectric loss 
peak is expected around the temperature at which 
the dc conductivity approaches the total fre-
quency-dependent conductivity in the higher tem-
perature region l2l]. The errors in the difference 
of two nearly equal quantities (total conductivity 
and ac conductivity) [22] are large. The dielectric 
loss, e" (=(o-,o,(w)-(rdc)/a)€o. where o-,o,(<o) is 
the total measured frequency-dependent conduc-
tivity), in this higher temperature region is an 
example. For this reason, a well resolved maxima 
in the temperature dependence of e" may not be 
observed in the dielectric properties of the LIY-
type samples. It is, therefore, difficult to use 
conventional methods of estimating the relax-
ation frequency and magnitude of the dispersion. 
Therefore, another approach has been adopted. 
Following Macedo et al. [23], the dielectric 
modulus is calculated from Af* = M' + iAf" = 
1/e*. The real and the imaginary parts of dielec-
tric modulus are related to the real, e', and 
imaginary, e", parts of dielectric constant, c*, as 
M' = e7[(e ' )^+ (£")'] and M" = e'VKc')'-H 
Ce")^]. The dielectric modulus, M*, provides im-
portant information particularly when the dc con-
ductivity is large compared with the ac conductiv-
ity. A plot of M" versus temperature should give 
a maximum at the temperature for which the 
dielectric relaxation frequency is equal to the 
measuring frequency. For a typical LIY sample 
(with z « 0.1), we have plotted M' as a function 
of temperature for different frequencies (Fig. 5). 
A similar temperature dependence is also ob-
served for other LIY compositions. We observed 
that, at lower temperature, M' tends to a con-
stant value for all frequencies. This temperature 
dependence of A/' indicates that the dielectric 
ISO WO 250 350 
T(K) 
Fig. 5. Thermal variation of M' for a sample of a typical 
Bi4Sr3Caj_,Li,Cu40, glass, with z - 0 . 1 , for different fre-
quencies. 
constant of samples of the LIY glasses is ther-
mally activated. In order to demonstrate the di-
electric dispersion, the imaginary part, M", was 
also calculated and plotted in Fig. 6 as a function 
of temperature at different frequencies. The data 
in Fig. 6 show maxima which shift to higher 
temperature for higher frequencies. Similar de-
pendence of the temperature and frequency vari-
ation of M" is also observed for other LIY com-
positions. The position of the maximum in the 
variation of M" as a function of temperature 
(Fig, 6) gives the temperature at which the mea-
suring frequency is equal to the relaxation fre-
quency, fc = VrCx.p{-W,/k^T) (where v, is the 
characteristic phonon frequency and W^ is the 
activation energy for conductivity relaxation). The 
values of both v^ and W^ are obtained from the 
plots of log /^ versus 10 V ^ (Fig. 7) as shown in 
Table 1. The values of i/, and W^ arc found to be 
less than those obtained from the dc conductivity 
data [7], also observed in VjOj-TcOj glasses 
[14]. However, the nature of this plot (Fig. 7) is 
similar to the variation of dc conductivity [7] of 
the LIY glasses with temperature, which indi-
cates that the relaxation mechanism is thermally 
activated similar to the dc conductivity. It is inter-
esting to note that, like LIY samples, all the 
Bi4Sr3Ca3CUyO^ glasses (y = 0-5) also have 
maxima [121 in the (M"-T) plots, indicating De-
bye-type relaxation behaviour. 
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Fig. 6. Thermal variation of M' for a typical Bi4Sr]-
Caj_,Li,Cu40^ sample with i « 0 . l for different frequen-
cies. 
A method of displaying Debyc type relaxation 
is by drawing a Cole-Cole plot [24]. Cole and 
Cole [24] suggested that c* as a function of e' 
gives important information about the distribu-
tion of relaxation times. The slope of the arc at 
c" =" 0 is a measure of the extent of distribution 
of relaxation times. According to Cole and Cole 
[24], the complex dielectric constant, «*, is given 
by f * = €. + (e, - 0 / [ l + (iwr™)'-") where T„ 
is the mean relaxation time, /3 is an emperical 
parameter lying between 0 and 1, and «, and e. 
are the static and high frequency dielectric con-
o z =0.1 
• z s1,0 
0 z =0.5 
1.00 2.00 2.20 2A0 2,60 2,80 3.00 3,20 
1000/T(K'') 
Fig. 7. Variation of fc with inverse temperature for different 
samples with z » 0.1, 0.5 and 1.0. 
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Fig. 8. Cole-Cole plots for samples of different LIY glasses 
with J - 0.1, 0.5 and 1.0 hi a tvLt6 temperature of 265 K. 
stants, respectively. The slope of the Cole-Cole 
plot at c* - 0 gives the value of (1 - /3)TT/2, For 
/3 - 0, it leads to a single relaxation time, while 
^ -«1 corresponds to an infinite distribution of 
relaxation times. We have plotted c" versus c' at 
a temperature ( 7 -265 K) and at different fre-
quencies for samples of all the LIY glasses as 
shown in Fig. 8. The corresponding plots ob-
tained for three different temperatures for a typi-
cal LIY glass (z - 0.1) is shown in Fig. 9. The 
data do not fit a semi-circular curve, suggested by 
Cole and Cole [24]. According to Grant [25], the 
large value of high frequency capacitance or do 
conductivity of the glasses is responsible for such 
a dependence. Due to the lack of a fit of the data 
to a pure semi-circular curve of the Cole-Cole 
plots and because of the limited frequency range 
of our measurements, it is difficult to determine a 
value for ^. However, from Figs. 8 and 9, it is 
evident that ^ for different glasses is greater than 
zero but less than 1 and almost the same for alt 
glass compositions and at all temperatures (ex-
cept in the low temperature region where a„ 
approaches Q^. From this deduction we suggest 
that these Li-doped [4:3:3:4] samples have a 
distribution of relaxation times. 
The small decrease of density in the LIYl 
sample compared with the [4:3:3:4] glass may 
be due to various causes such as chaitgcs of 
microstructures. We note that these glasses are 
viscous and wires and tapes could be easily drawn 
from the liquids. One such wire \s sho^n in Fig. 
10. These wires can be made superconducting by 
annealing at 800°C for 48 h in air. Superconduct-
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Bi.S'-,Ca3.,LKu,0 
K.52 K,6S U,(0 U.(t 
£' 
Fig. 9. Cole-Cole plots for a typical LIY sample (z = 0.1) at 
different fixed temperatures. 
m-m 
Fig. 10. Photograph of the LIY3 glass wires drawn from the 
melt. 
ing transition temperatures for some glass-
ceramics is shown in Table 1 for the sake of 
completeness. 
5. Conclusion 
The Li-containing glasses exhibit Debye-type 
dielectric relaxation behaviour with a distribution 
of relaxation times. The relaxation process is pre-
dominantly thermally activated similar to the dc 
conductivities of these glasses. 
S.M. is grateful to the Council of Scientific and 
Industrial Research (CSIR), Government of In-
dia, for providing a research fellowship. 
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ac conductivity In Bi4Sr3Ca3CUyOx {y=OS) and Bi4Sr3Ca3_^U/)u40x 
(z= 0.1-1.0) semiconducting oxide glasses 
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Semiconducting oxides such as Bi4Sr3CajCu^O, 0'=C>-5) and Bi4Sr3Ca3_^i,Cu40, (z=0.1, 
0.5, and 1.0), many of which become superconductors in their glass-ceramic phases, have been 
studied over the wide temperature (77-450 K) and frequency (100-10* Hz) ranges. The 
universal power-law behavior [exponent s<, 1 m 6r(<u) ^oa-k-Am'] is found to be valid for most of 
these glasses. Little deviation from this limiting behavior is also observed for some glass 
compositions in the low-temperature and high-frequency regions. The conelated barrier 
hopping model based on the pair approximation is found to be more appropriate for explaining 
the frequency- and temperature-dependent ac conductivity data. The random walk type of 
model, on the other hand, is found to be valid for a limited range of temperature. 
I. INTRODUCTION 
Transition-metal-oxide (TMO) glasses are becoming 
very important for many of their technological applica-
tions, viz., switching and memory devices,' cathode ray 
tube materials,^  ferrites,^  fast photonic switching,* etc. Re-
cently TMO glasses such as Y-Ba-Cu-O (Ref. 5) and 
(Bi,Pb)-Sr-Ca-Cu-0 (Refs. 6 and 7) with various compo-
sitions hitve been prepared which become high-
temperature superconducting oxides (HITSO) in thdr re-
spective glass-ceramic (GC) phases. It was reported 
earlier' that the Bi-Sr-Ca-Cu-O-type glasses show higher 
values of glass transition temperature T^, Debye tempera-
ture 6^, electrical resistance, etc. compared to other TMO 
glasses. Furthermore, the addition of alkali metal ions in 
the Bi-Sr-Ca-Cu-0-based oxide reduces the glass melting 
temperature and also increases' the superconducting tran-
sition temperatures T^. 
In the present article we report the results of the fre-
quency and temperature-dependent ac conductivity 
[a„(6),7)] measurements in several lithium-doped and un-
dopcd Bi4Sr3Ca}Cu40, oxide glasses becoming HITSO in 
their GC phases. The basic Bi4Sr]Ca3Cu40x glass is the 
precursor material for preparing single-phase 
Bi2Sr2Cai9u20| superconductor.^  We have also provided 
evidence that both the frequency and the temperature de-
pendencies of cr„ in these glasses can be well described in 
the light of the correlated barrier hopping (CBH) model of 
the pair approximation type. The random free-energy bar-
rier model' based on random-walk-type models'*'" used in 
percolation theory, on the other hand, fits the ac conduc-
tivity data for a limited range of temperature. 
II. EXPERIMENTAL RESULTS 
The detailed method of preparation and characteriza-
tion of these two series of glasses, viz., Bi4Sr3Ca3Cu^ Ox or 
[Y] glasses (with ;'=0-5) and Bi4Sr3Cu3_^i,Cu40, or 
[LIY] glasses (with z=0.1, 0.5 and 1.0) has already been 
discussed.' Here the square brackets denote nomenclature 
of the glasses. In brief, all these glasses were made from 
high-purity (99.99%) metallic oxides by quick quenching 
from their respective melts (all samples melted at 1100 *C 
for 2 b). For electrical measurements, disk-shaped samples 
of 10.0 mm diameter and 1.0 mm thickness were cut, pol-
ished, and gold coated on both the faces by sputtering. The 
gold-coated samples were again annealed at 200 'C for 2 h 
for good contact of the electrodes with the glass surface. 
The ac conductivity data were obtained""'* with a General 
Radio (model GR-1615A) capacitance bridge which mea-
sures equivalent parallel conductance and capacitance of 
the sample in a three-terminal arrangement within the low-
temperature cryostat. Scanning electron microscopy 
(SEM) and x-ray powder-diffraction studies indicated the 
amorphous character of all the glasses.'''^ Some character-
istic parameters of the glasses, such as the glass transition 
temperature T^, density p, total copper ion concentration 
N, and superconducting transition temperature Tf of the 
corresponding glass ceramics are shown in Tables I and II, 
respectively, for the [Y] and [LIY] glasses. 
The logarithm of total measured frequency-dependent 
conductivities [^(((a)] as a function of inverse temperature 
along with the dc conductivity for a typical [Y] (viz., 
Bi4Sr3Ca3Cu40x) and some [LIY] glasses is shown in Fig. 
1. The general behavior of the <T,(<») VS lOVr curves for 
both [Y] and [LIY] glasses is very similar to those of the 
other TMO glasses.'^" It is further observed that the tem-
perature variation of a,{.to) is much slower than that of the 
dc conductivity in the low-temperature region. At higher 
temperature, on the other hand, the temperature depen-
dence of <7|(a)) becomes much stronger and ultimately the 
measured conductivities at all frequencies coincide with 
the dc conductivity a^. The actual values of a^^{o)) as 
shown in Fig. 2 were calculated by subtracting the mea-
sured dc conductivity data from the measured total 
frequency-dependent conductivity a,(<u) such that 
a„(<a)=cr,(a))—ffde which is applicable for all TMO 
glasses including the base glass Bi4Sr4Ca3Cu40;c studied 
earlier."''^  
The variation of cr„ with Cu and Li concentrations at 
different fixed temperatures and frequencies is shown in 
931 J. Appl. Phys. 74 (2), 15 July 1993 0021 -8979/93/74(2)/931 /7/$6.00 © 1993 American Institute of Physics 931 
141 
TABLE I. Some imporUnt parameters for the Bi4SriCa]Cu,0^ [V] glasses. 
Sample 
Value of y 
Starting Cu 
content (wt %)' 
Final Cu 







































































'Calculated concentration of the copper atom used at the time of preparation of the glasses. 
'Obtained from atomic absorption spectroscopy. 
'Glass-transition temperature as obtained from differential thermal analysis (DTA) studies of the glass samples. 
''Superconducting transition temperature of the glass ceramics obtained from the four-probe resistivity measurements. 
Fig. 3. The ac conductivities for both the glasses increases 
with Cu and Li concentrations. 
III. THEORETICAL DISCUSSION 
Like many amorphous semiconductors and insulators, 
the ac conductivities of the [Y] and [LIY] glasses at a fixed 
temperature is found to obey the universal dynamic 
response, 16,17 
<T^{a,T)=A{T)a', (I) 
where A{T) is a constant generally dependent on temper-
ature and s is the frequency exponent and generally lies in 
the range 0<J<1. 
The plots of log (T^{.a) as a function of log(<u) at var-
ious temperatures as shown in Hg. 4 for the [Y] and [LIY] 
glasses indicate that the slopeTof the curves at a particular 
temperature remain ahnost constant over the entire fre-
quency range of our measurements. Therefore, the values 
of s do not change much with change in frequency. How-
ever, at the high-temperature region Fig. 4 shows a slight 
increase of the slope, hence an increase of the values of s 
with the increase of measuring frequency. The frequency 
exponent 5 was calculated from the slopes of the log aa^ Co)) 
vs log(<u) curves (Fig. 4). The variation of s with temper-
ature for some [Y] glasses, viz., Bi4Sr]Ca3Cu40;( and 
Bi4Sr3CajCu30„ are shown m Fig. 5. Similarly the varia-
tion of 5 for the [LIY] glasses arc shown in Fig. 6. The 
frequency exponent s is found to decrease considerably 
T A B L E II. Some important parameters for the Bi4Sr]Ca]_,Li,Cu40i 



























with the increase of temperature in all the [Y] and [LIY] 
glasses and for low frequency the values of j tends to 1. 
This limiting value of s is visualized for all the glasses. 
However, it is observed from Figs. 5 (for [Y] glasses) and 
6 (for [LIY] glasses) that slightly higher values of j (> 1) 
also exist for some of the glass compositions. This behavior 
of J is also observed in many other TMO glasses.'^"" 
To explain the temperature and frequency dependen-
cies of (7„(<u,D and its frequency exponent s, theoretical 
models of the pair approximation type (PAT), viz., the 
quantum-mechanical tunneling (QMT) model," corre-










FIG. 1. Variation of dc conductivities and toul frequency-depcndenl ac 
conduclivilies of the (a) Bi^SfjCajCu^O., (b) Bi,Sr)Ca,,Lio|Cu,0,, 
and (c) BijSrjCajoLiiijCu^O, glasses at different frequencies 
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FIG. 4. Variation of »c conductivities of the [Y] and [LIY] glasses with 
frequencies at different fixed temperatures: (a) Bi4Sr]CajCujO, ( • ) . 
Bi<Sr,C»3Cu40^ {<), Bi4SrjC»iCu4.jO, (O) . and Bi,Sr,C»jC\ijO, (O) 
glutei at 100 K; (b) Bi4SriCt2Li,Cu40^ ( • ) , Bi«Sr]Ca2 ,Li,]Cu40, 
(O) , and the Bi4Sr]Cai,Lia.|Cu40^ glasses (t>) at 250 K; (c) for the 
Bi«Sr,Ca„Lia,Cu40, glau at 383 K (B), 29J K ( • ) . 240 K (D). 204 K 
( • ) . m d l 7 0 K ( O ) . 
FIG. 2. Thermal variation of actual ac conductivities of 
the (a) Bi4SrjCa2U,Cu40,, (b) Bi,SrjCaj.4Jft,Cu40,. (c) 
Bi4Sr]Ca2.j'Lv,.,Cu40,, and (d) Bi4Sr]Ca]Cu40;, g\aues at dtfferent 
frequencies. 
latcd barrier hopping (CBH) model," overlapping large 
polaron tunneling (OLPT) model,^ ° small polaron tunnel-
ing (SPT) model,*' etc., have been applied by different 
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FIG. 3. Variation of iT^{a) with CuO and LiOH • HjO concentrations of 
(a) [YleitMa at I IcHz for different temperatures, and (b) [LIY] glasses 
at 350 K for different frequencies: (U 10 kHz; (2) 5 kHz; (3) 1 kHz; (4) 
500 Hz; and (5) 200 Hz. 
FIG. 5. Temperature dependencies of the exponent (i) for the 
Bi4Sr]Ca]Cu40, (4334) and Bi4Sr]Ca]Cu,0, (4333) glasses at 1 and 10 
kHz. The parameters obtained from the best-fit curves (solid and dashed 
lines) using the CBH model are given in Table III. 




FIO. 6. Thenn«l dependencies of the exponent (j) for the 
Bi,Sr,C»„Lio.,Cu40, gUw (O) , BUSrjCauLiuCu^O. gUu (D). ind 
Bi4SrjCa,Li|Cu40, |lu> ( • ) at 1 kHz. The pamneten obtained from the 
beal-Bt curves (solid lines) using the CBH model [Eq. (7)] u e shown in 
Tsble IV. 
random-walk-type'''" (RWT) models for explaining 
o'(<u,r) data. A general discussion on the applicability of 
the PAT models has been made earlier." 
For the present glass systems a comparative investiga-
tion of both type of models (PAT and RWT) have been 
made. We shall concentrate first on the vastly used pair-
approximation-type QMT and the CBH models which ap-
pear to be more appropriate than any other existing mod-
els. The QMT model predicts, a linear temperature 
dependence of c^ teC^ ) ^^^ ^ temperature-independent s 
which is given by 
j=l-f-4/ln(<uro), (2) 
where a is the angular frequency of measurement and TQ is 
the characteristic relaxation time of the carrier. For a typ-
ical value of To= 10" " s and o)/2ir=t 10* Hz, one obtains a 
value of i=0.8l . However, it is clearly observed from Figs. 
S and 6 that the frequency exponent s decreases markedly 
with the increase of temperature at all fixed frequencies for 
the [Y] and [LIY] glasses. Furthermore, the QMT model 
predicts a linear temperature dependence of (r„((u); but, 
the temperature variation ofa^^a) (as shown in Fig. 2 for 
Bi^ SrjCajCu^ Ojc and Li-doped glasses) indicates a sharper 
increase of a„(o)) with the rise of temperature, particu-
larly in the high-temperature regime. However, in the low-
temperature region a^ico) appears to increase linearly 
with temperature [i.e., ar^ioi) = T" with n= 1] as shown in 
Fig. 7 for the Bi4Sr3Ca3Cu40, glass. For the Li-doped 
[LFY] glasses the values of (7„(tt)) in the low-temperature 
range (below 120 K) are very small compared to the [Y] 
glasses. We have also attempted to fit the experimental 
values of a^i.(co,T) with Eq. (3) (below) for the ac con-
ductivity in the QMT model, viz., 
a^ioi.T) =Aoe^ksTa-' [NiEp) ^aRl 




FIG. 7. Thermal variation of ac conductivities, of the Bi4SrjCajCu40, 
glass at various frequencies: ( • ) 10 IcHl, ( • ) 5 WHi, ( r ) 2 VHi, and 
( X) 1 kHz. The solid lines are best-fit curves using the QMT model (the 
model parameters are shown in Table III). 
where kj is the Boltzmann constant, e is the electronic 
charge, T is the absolute temperature, a is the wave func-
tion decay constant, NiEf) is the density of states at the 
Fermi level, and N^kgTNiEp) is the number actually 
contributing to the ac loss. The constant .^ o is a 
temperature-independent factor. Ra is the characteristic 
tunneling distance and is given by 
/{„=(l/2a)ln(l/fi)To). (4) 
The values of the parameters obtained from the least-
squares fitting in the linear region (below 130 K) of the 
curves for the [Y] and [LIY] glasses arc shown in Table 
IIL The values of N{Ep) thus obtained for the [Y] glasses 
are in the range of 1.39 X 10^-3.29x10^° and for [LIY] 
glasses they are in the range of 1.89X10^°-3.60X 10,^ " 
which seems to be quite reasonable for the present glass 
systems. Therefore, the QMT model appears to be consis-
tent with the behavior of ac conductivity in the low-
temperature region only but completely fails to interpret 
the observed temperature dependence of the frequency ex-
ponent s. 
The temperature-dependent frequency exponent can 
also be obtained within the framework of QMT model by 
assuming that the carriers form nonoverlapping small po-
larons. In this case the frequency exponent is predicted to 
increase with the increase of temperature. In [Y] and [LIY] 
TABLE in. Values of N(.Ef) obuined from the QMT model for the 
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FIG. 8. Thermal variation of <r,c(.'') for different frequencies: (a) 
Bi4Sr]Ca]Cu40;, glass at two different freqoenices at 10 kHz (Y.) and 1 
kHz (O) ; (b) Bi4Sr,CauLiojCu40. at 10 kHz ( • ) , 3 kHz (O) , 1 kHz 
{<). SCO Hz (O), and 200 Hz ( • ) . The solid lines aie best-fit curves 
using the CBH model (the model parameten are shown in Table FV). 
glasses, however, the frequency exponent decrease, with 
the increase of temperature (Figs. 5 and 6). 
Another interesting and competitive model predicting 
the correct temperature and frequency dependencies of the 
exponent is the correlated barrier hopping (CBH) model. 
In this model it is assumed that the charge carriers hop 
between defect centers over the potential barrier separating 
them. The barrier bdght fF is correlated with the separa-
tion R of the defect centers. This model was proposed by 
Pike" for single electron hopping and extended by 
Elliott"-" for the case of two electrons hopping simulta-
neously. The ac conductivity in this CBH model, in the 
narrow-band limit, is given by^ ^ 
cr«:(o})=-^N\eo)Rl, (5) 
where A'' is the total number of carriers actually contribut-
ing to the ac loss, eg is the free-space permittivity, R^ is the 
hopping distance, and e is the dielectric constant of the 
medium (sample). The hopping distance R^ is given by 
K= [e^/neoe]/[ Wu+hgT ln(«To)], (6) 
and the frequency exponent s is obtained from the relation 
6kaT 
s=\- {Wu^kT\R{m^)y (7) 
where W^ is the energy required to remove the electron 
completely from the site to the excited state. Therefore, in 
the CBH model the exponent s is temperature dependent (; 
increasing toward unity as T—0) which is in marked con-
trast to that of the QMT model." 
TABLE rv. Parameters for the [LIY] and [Y] glasses obtained from the 
CBH model [relaxation time rj is calculated (a) from fitting of s vs 
temperature using Eq. (7), and (b) from fitting the a^ vs temperature 












































































































A critical test of the CBH model comes from the tem-
perature dependence of a„(a)) and its frequency exponent 
J. In Fig. 8 we have plotted the experimental [a,c(<a) — T\ 
curves for typical Bi4Sr3Ca}Cu40j, and 
Bi4Sr}Ca2.sLio,s^4Qx glasses along with the corresponding 
theoretical curves obeying Eq. (S). The reasonably good 
fitting of the experimental and theoretical (solid lines) 
curves indicates that for explaining the ac conductivity 
data of [Y] and [LIY] glasses, the CBH model is the most 
appropriate one. For multicomponent glasses such as [Y], 
[LIY], etc., the random-walk-type model according to 
Dyre' and Bryksin'" is found to be not successful to ex-
plain ac conductivity data for a wide range of temperature 
and frequency as discussed below. However, the CBH 
model [Eq. (7)] clearly explains the thermal variation of i 
(Figs. 5 and 6) for some [Y] and [LIY] glasses. The little 
discrepancy existing between the theoretical and the exper-
imental values as observed from Figs. 5 and 6 might be due 
to the correlation between the barrier height and the hop-
ping length iJ„. 
The CBH model pEq. (7)], however, predicts an upper 
bound off equal to 1 as r-»0, but the CBH or any other 
existmg model cannot explain the higher values of ; (> 1) 
observed in some glasses. The values of the parameters W^ 
and TQ, etc. obtained from the best fitting of the experimen-
tal data with the CBH model for [Y] and [LIY] glasses are 
listed in Table IV. The values of W^f are somewhat less 
than the predicted value of twice the activation energy (as 
obtained from the dc conductivity data), while the values 




FIG. 9 Vanalion of lnia„(flj>l with Vn(ti>) for the BuSrjCa, ,Lio jCvi^ O, 
glass at different temperatures The solid lines are the best-fit curves using 
Dyre's model [Eq (8)] The model parameters are shown in Table V 
TABLE V. Model parameters obtained from best fitting of the ac con-
ductivity data with Dyre's model [Eq (8)] for two Bi4Sr]Caj_;Li,Cu40, 
or [LIV) glasses 
Sample 
















































































s poor above 400 K 
• A f = f ( 0 ) - f ( o o ) 
of To and hence VQC = I/TQ) are in reasonably good agree-
ment with those obtained from the dc conductivity data 
and are nearly equal to the values obtained for other semi-
conducting TMO glasses. Using the s^ une values of IVj^ 
and TQ from Table IV we have calculated the values of the 
hopping length R^ from Eq. (6) . Putting these values of 
R^ and e from our experimental dielectric constant data'^ 
in Eq. (5) we find the values of A^  (shown in Table IV) 
which arc in good agreement with those shown in Table 
III. 
The RWT models such as the random free-energy bar-
rier model of Dyre' and effective-medium method of 
Bryksin'° can also be used to fit the ac conductivity data. A 
somewhat arbitrary method is used by Bryksin'" for for-
mulating the concept of bonds between nearest neighbors 
Furthermore, according to Bryksin'" in the relation 
Rc[ff(aj)]—a(0)~a)^, s' is initially equal to two then 
sharply decreases, then slowly grows and approaches 
unity, and then decreases again with the increase of fre-
quency. Such behavior is not indicated by our experimental 
data. The predicted ai^ dependence at low frequencies is 
possibly beyond the lowest frequency of our measurement. 
The random free-energy barrier model used by Dyre,' on 
the other hand, is very interesting and is found to fit our 
data quite well for a limited range of temperatures. Ac-
cording to Dyre' the expression for frequency-dependent 
ac conductivity is given by 
(7,e(<u) = CT(0)«UTtan '(CUT) {[tan-'(caT)]V[In(l-f6>V)'^^]^}- (8) 
Equation (8) is very simple with only one unknown pa-
rameter (T) which IS temperature dependent and is also 
related to e(0) and e( oo) through dc conductivity cr(0) as 
eoAe=a(0)T/2, where A 6 = e ( 0 ) - e ( Q o ) . We tned to fit 
the ac conductivity data for the [LIY] glasses with Eq (8) 
For a typical [LIY] glass (viz, B^BrjCaj JLIQ jCu^O )^ the 
best fit curve with Eq (8) is shown in Fig 9 where 
In a(&)) IS plotted against ln(o>) for different fixed temper-
atures. It is found from Fig. 9 that the fitting of the exper-
imental data with theory [Eq. (8) , solid line] is quite good 
for intermediate temperatures between 350 and 125 K (for 
the z=0.5 glass). Above and below this range fitting with 
Dyre's model is poor. For the other [LIY] glass with 
z = 1 0 the corresponding fitting with Eq. (8) is also poor 
above 400 K. Similar is the case with other glass compo-
sitions. The fitting parameter T and calculated value of Ae 
for two [LIY] glasses with z=0 .5 and 1.0 are shown in 
Table V. Here we also mention that from the fitting pa-
rameters shown in Table V we do not find the Curie-law-
type behavior, viz., Acoc T"', as suggested by Dyre.' More 
elaborate mvestigation with such RWT models will be pub-
lished elsewhere; however, it is clear that even the RWT 
model IS not sufficient to explain the exact variation of the 
frequency exponent s becoming greater than one for some 
glasses. Compared to the random-walk-type model the 
PAT model, such as CBH, gives more elaborate informa-
tion about the characteristic features of the [Y]- and [LIY]-
type multicomponent glasses of our investigation. 
IV. SUMMARY AND CONCLUSION 
To summerizc, the ac conductivities of the Bi-Sr-Ca-
Cu-0-based glasses which become superconductors in their 
respective glass-ceramic phases (see Table I) are found to 
obey the universal relation a„(<u)=.^cu' with 0<j< l for 
most of the glasses. Some of the glass compositions, how-
ever, indicate values of s larger than one The pair-
approximation-type correlated barrier hopping (CBH) 
model IS found to be the best model representing this uni-
versal behavior of the exponent s tending to 1 as well as the 
overall temperature dependence of a^^{a},T) of these 
glasses The similar QMT model apparently explains the 
low-temperature ac conductivity data but completely fails 
to predict the temperature dependence of the frequency 
exponent s even at low temperature On the other hand, the 
random free-energy barner model' of random walk type 
can also explain the ac conductivity data in the intermedi-
936 J AppI Phys. Vol 74, No 2, 15 July 1993 Mollah et ai 936 
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ate temperature range. For very high and very low tem-
peratures this theory fails; however, both the RWT model 
and the PAT model explain the above-mentioned limiting 
behavior of the exponent s. The values ofs slightly greater 
than one as observed for some of the [LIY] glasses in the 
low-temperature region remain unexplained with these 
models (both PAT and RWT). For most of the 
Bi4Sr3Ca3CUj,0, glasses the values of the exponent are very 
close or equal to unity at low temperature depending on 
the copper concentration. Recently we also noticed larger 
values of i for the Bi4_jf b^r3Ca3Cu40, 0'=0.1, 0.5, and 
1.0) glass.^ ' Some scattered reports showing very large 
values of the exponent ( J = 2 ) for TMO glasses also are 
found in the literature.^ *'^ * However, it was pointed out by 
Long^ ° that the larger values of j ( > 1) might be due to the 
effect of contact resistance,^ * formation of barrier capaci-
tance at the electrodes," etc, but this criterion is not 
enough to explain the large value of exponent^ * s. A critical 
analysis of frequency and temperature dependencies of the 
exponent s becoming greater than one is still necessary. 
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Debye-type dielectric behaTior of Bi-Sr-Ca-Cu-0-based transition-metal oxide glasses: 
Precursors for oxide superconductors 
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Deuiled measurements of the frequency- (50 Hz to 10 kHz) and temperature- (80-450 K) dependent 
dielectric constant (e*) and dielectric loss (e") have been performed for the BljSrjCajCu^O, (>> = 0 to 5) 
glasses. Some of these gltisaes become high-temperature superconducting oxides in their respective 
glass-ceramic phases. The dielectric properties of these glasses are found to follow a Debye-type relaxa-
tion behavior with relaxation frequency / , [>= v, exp(-W,/kgT)]. The relaxadon behavior is thermally 
activated in nature similar to the dc electrical-conduction process of these glasses observed in our earlier 
investigation. 
In a series of papers,'~' a special type of transi-
tion-metal oxide (TMO) glasses such as 
Bi4Sr]Ca]Cu40j, [4:3:3:4] has been shown to become 
high-temperature superconducting oxides (HTSO) in 
their respective glass-ceramic (GC) phases. This paiticu-
lai glass composition is a piecuisor for single-phase 
Bi2Sr2CaCu20, (2:2:1:2) superconductor.' Such precur-
sors may be applicable^** to the fabrication of supercon-
ducting wires, films, tapes, etc. Recently alkali-metal-
doped Bi-Sr-Ca-Cu-O glass ceramic (GC) showing in-
crease of superconducting transition temperature (T,) 
and lowering of glass melting and ceramic sintering tem-
peratures have been studied.^' 
The purpose of this paper is to report the tcmperature-
and frequency-dependent dielectric properties of the 
[4:3:3:j'] glasses with y = 0 - 5 . It is also our motivation to 
find from these studies if there is any imusual behavior of 
these glasses compared to those of other TMO glasses, 
which do not become superconductors in their GC 
phases. 
Details of the preparation of such glasses have already 
been discussed in our earlier papers.^^'^ Some charac-
teristic parameters of these glasses are shown in Table I 
for comparison. 
The dielectric constant was measured by a capacitance 
bridge (General Radio Model 1615A) along with low-
temperature cryostatic arrangements similar to our ear-
lier works.''' The eight glass samples studied arc 
GI(y=0) ,G2(y = n,G3() '=2) ,G4(>'=3) ,G5(3;=3.5) , 
G6{y = 4 ) , G7(>' =4.5) , and G8(> =5) . The temperature 
and frequency variations of dielectric constant (e') and ac 
conductivity of these glasses were measured simultane-
ously using the above-mentioned bridge. Like many 
amorphous semiconductors and insulators,' the ac con-
ductivity (CT„) of the Bi-Sr-Ca-Cu-O glass at a fixed tem-
perature is found to follow an equation of the form' 
CT„(<B)= i4&)' [where 4^ is a constant slowly varying with 
temperature (T), and i is the frequency exponent general-
ly less than unity], which indicates that the loss mecha-
nism should have a distribution of relaxation times in-
TABLE I. Some important parameters for the Bi4Sr}CajCu,0, (4:3:3:>) glasses (T, and T„ denote 
glass transition and crystallization temperatures, respectively). 
Sample Gl G2 G3 04 G5 G6 G7 G8 
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'Obtained from atomic absorption spectroscopy. 
•Superconducting transition temperatures of the glass ceramics. 
'From fitting of the s vs Tcurves (Ref. U).. 
"From fitting of the a^la) vs 7"curves (Ref. ! I). 
47 534 ©1993 The American Physical Society 
47 
148 




FIG. 1. Thennal variation of dielectric constant (f*) for G4 
glass at (•) 1 kHz, ( 0 ) 2 kHz, (0 )5 kHz, and (A) 10 kHz. 
10 10^ 10-
FREQUENCY (Hz) 
FIG. 2. (a) Frequency variation of dielectric constant of 
different glass samples at 298 K; (O) G3, (•) G4, (D) G5, (•) 
Ob, W) 07, anii IM) OS giasscs. (b) Frequency dependence of 
dielectric constant at different temperatures for the G4 glass. 
stead of a single relaxation time. This behavior is also 
visualized from the temperature- and frequency-
dependent dielectric constant {£') and dielectric loss (e") 
data discussed in this paper. 
The temperature variation of f' for a typical glass sam-
ple 0 4 at different fixed frequencies is shown in Fig. 1. 
All the other glasses of this series behave in a similar 
fashion. The dielectric constant varies slowly with in-
creasing temperature up to about 300 K and then the 
magnitude of e' increases sharply with further increase of 
temperature. This increase is sharper for lower measur-
ing frequency. Some transition-metal vanadate glasses''" 
showed peaks in the e' — r curves that was considered'" 
to be a characteristic feature of Debye-type dielectric re-
laxation in these glasses. Though such peaks have not 
been observed in the present glass samples, a Debyc-type 
dielectric dispersion becomes evident from the thermal 
variation of dielectric loss (e") of these glasses (to be dis-
cussed later). 
The frequency dependence of f' for some glasses at a 
fixed temperature of 298 K shown in Fig. 2(a) is similar to 
that observed in the TMO glasses. For a typical glass G4 
the frequency dependences of e' at different temperatures 
are shown in Fig. 2(b). The value of e' is found to in-
crease with the increase of CuO concentration in the 
glasses. 
The dielectric loss e" as mentioned above has been cal-
culated from the ac conductivity [cr»c((u)] data using the 
relation E" = CT„(<u)/eo((u) (where (Q is the permittivity of 
2oor 
180 280 360 
Temperaturt (K) 
FIG. 3. Temperature variation of dielectric loss (f") of (a) 
G4 glass, and (b] G8 g/ass at (•«) ( kHz, (o ) 2 kHz, (Q) 5 kHz 
and (A) 10 kHz. 
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free space). The temperature dependence of dielectric 
loss for two glasses G4 and G8 is shown in Fig. 3. The 
glass samples for low concentration of CuO (33.33 mol% 
or less) show a peak in the dielectric loss that shifts to 
higher temperature for higher frequencies (with lower 
values of e"). This behavior strongly suggests a Debyc-
type dielectric relaxation process with a relaxation fre-
quency / ( = 1 /2irTo, where TQ is the characteristic relaxa-
tion time shown in Table I)." The two glasses G7 and 
G8 with higher CuO concentrations do not, however, 
show a peak in the dielectric loss [see, for example. Pig. 
3(b) for G8]. This might be due to shifting which is 
beyond the temperature range of our investigation. The 
frequency variations of e" for some glasses at 298 K as 
shown in Fig. 4(a) do not show any peak. The corre-
sponding curves for a typical glass G3 at different tem-
peratures are shown in Fig. 4(b). Like dielectric constant 
e", dielectric loss e" also increases with the increase of 
CuO concentrations in the glasses. 
Attempts to treat the dielectric constant data with the 
modulus approach'^ were made to show dielectric disper-
sion in the glasses. The dielectric modulus is defined as 
M*=M'+iM"~l/e'. The real (M') and imaginary 
{M") parts of dielectric modulus are related to e' and E" 
as 
M' = €'/[{e')^+{e")^] 
and 
M" = e"/[(e')^ + {€")^] 
FREQUENCY (Hz) 
FIG. 4. (a) Frequency variation of dielectric loss {e") for 
different glass samples; (o) G3, (•) G4, (D) G3, (•) G6, (0) 
G7, and (•) G8. (b) Frequency dependence of dielectric loss 
ie") at different temperatures for the G4 glass. 
The temperature dependence of M' for a typical glass 
{G6) for four fixed frequencies is shown in Fig. S(a). 
These curves are almost similar to those of semiconduct-
ing V20j-Te02 glasses.'° At high temperatures, M' tends 
to reach a constant value that shifts to the higher-
temperature region for higher frequencies. This behavior 
indicates thermally activated nature of the dielectric con-
stant in the 4:3:3:j> glasses. In order to demonstrate the 
dielectric dispersion, the imaginary part M" was also cal-
culated and plotted in Fig. S(b) (for glass G8) as a func-
tion of temperature. The peaks in Fig. 5(b) shift to the 
higher-temperature side for higher frequencies. A similar 
nature is also observed for other glasses. The peak posi-
tion of Af" gives the temperature at which the measuring 
frequency is equal to the relaxation frequency f^ 
[=V(exp( — Wc/ksT), where W^ is the activation energy 
for conductivity relaxation]. It is interesting to note that 
the / j versus T""' curves for these glasses is very similar 
to the temperature variation of dc conductivity of the 
same glasses'*" suggesting that both dc conductivity and 
the relaxation mechanism are thermally activated in na-
ture. 
Information about the distribution of relaxation times 
are obtained from the plot of c"(<a,r) versus €'(a,T) 
(commonly known as Cole-Cole" plot) at different fixed 




FIG. 5. (a) Temperature dependence of the real part of 
dielectric modulus, A/'( =c'/[(e')'+(f")']) for the G6 glass; 
(•) I kHz, (O) 2 kHz, (•) 5 kHz, and (D) 10 kHz. (b) Temper-
ature dependence of Af"f =e'/[(e')2-f-(e")^]) for the G8 glass, 
(O ) 1 kHz, (•) 2 kHz, (D) 5 kHz, and (•) 10 kHz. 
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FIG. 6. Some representative Cole-Cole plots at some selected temperatures and various frequencies for the G4 (A), G6 (B), G7 (C), 
G8 (D) glasses at 298 K. and G7 glass at 174 K (E) and 405 K (F). 
of these curves at a fixed temperature (say, 298 K) in-
crease, which means that the distribution of relaxation 
times becomes sharper with the increase of CuO (or 
TMO) concentration in the glasses. The distribution also 
becomes sharper with increasing temperature for a par-
ticular glass sample. This behavior is very uncommon 
among TMO glasses. However, the semicircular nature 
of the curves as suggested by Cole and Cole'^  is not 
prominent for the present glasses. This might be due to 
the large value of high-frequency capacitance or dc con-
ductivity of these glasses as suggested by Grant.** 
Finally, we conclude from tbe dielectric constant and 
dielectric loss data that all the Bi4Sr]Ca3Cu,Ox glasses 
becoming HTSO in their glass-ceramic phases (Table I) 
exhibit Debye-type dielectric behavior with » distribution 
of relaxation times. It is also revealed frord the experi-
mental data that the relaxation process is thermally ac-
tivated similar to the dc conductivity of these glasses.^'" 
Results of detailed studies of the microstructural proper-
ties of these glasses and the superconducting properties of 
the corresponding glass ceramics will be given elsewhere. 
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Nonlinear physical properties of amorphous Bi4Sr3Ca3Cu^ O;c semiconducting oxides 
with y between 0 and 5 
K. K. Som, S. Molla, K. Bosc, and B. K. Chaudhuri 
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(Received 15 May 1991; revised manuscript received 1 August 1991) 
We report the nonlinear behavior of the CuO-concentration-dependent density (p), mean molar oxy-
gen volume (Kj ), and electrical conductivities (both ac and dc) of the Bi«Sr,Ca]Cu,0, (;> =0-5) semi-
conducting oxide glasses. Infrared-spectroscopic data and mean molar oxygen volume (Fo ) in these 
glasses indicate a change of (BiO,) octahedral structural unit to pyramidal (BiOj) structural unit with a 
change of CuO content in the glasses. However, no direct x-ray structural data of these glasses are found 
to show evidence of such changes. The nonlinearity is associated with the nonlinear variation of the ra-
tio of [Cu*]/(Cu(total)] in the glasses depending on CuO concentrations, meltmg temperatures of the 
glasses, etc. 
Recently, high-temperature superconducting oxides 
(HTSO's) obtained from BJ4SrjCajCu40, (4:3:3:4) semi-
conducting oxide glasses (SOO) have been extensively 
studied.' This is because that starting with this glass 
composition it is found convenient to make a single 
phase* HTSO with superconducting transition tempera-
ture Tg'-iS K. Ftirthermore, it is also foimd advanta-
geous to make wires, tapes, or thick films from the glass 
matrix'"'" and then to convert them to the HTSO phases 
by annealing them at high temperatures (above the glass 
transition temperature T^). The HTSO materials ob-
tained from these glasses are also highly dense and homo-
geneous. Therefore, elaborate investigations of various 
properties of these glasses for different concentrations of 
the transition-metal (Cu) ions (TMI) as well as glass form-
er oxide (Bi20]) have been undertaken in our laboratory. 
In the present paper we report the room-temperature 
behavior of electrical conductivities (both ac and dc) and 
infrared-spectroscopic studies of the (Bi4Sr3CajCu^O,) or 
I4:3:2:y) glasses with different concentrations of TMI with 
y = 0 - 5 . 
The general method of preparation of the (4:3:3:;') 
glasses is the same as discussed earlier.^ -^ •" The starting 
materials, viz., CuO, BaCOj, SrCOj, and BijOj (each of 
purity 99.99% procured from E. Merck, Aldrich, and 
Sigma) in appropriate proportion (according to the 
desired compositions) are well mixed and melted at 
1200*C for 1 h and then quickly quenched to room tem-
perature by pressing the hot melt between two polished 
copper blocks. Since the ionic states of copper TMI 
might change depending on the melting temperature and 
time for which the melt was kept inside the furnace, each 
glass was melted at the same temperature for the same 
fixed time as mentioned above. 
The x-ray diffraction patterns for all the glasses with 
Cu Ka radiation showed broad peaks with maxima be-
tween 29 = 26* and 30* as shown in Fig. 1. The concen-
trations of the Cu^ "*" ions in the glasses were obtained 
from the magnetic susceptibility measurements similar to 
our earlier work.'^  The small paramagnetism of the 
glasses" is considered to be solely due to the Cu^ "** ions. 
The total copper ions present in the glasses (Cu,) were 
calculated from the atomic absorption spectroscopic 
method and also from the chemical analysis. The total 
copper ions in the glasses are assumed to be composed of 
Cu'"*" and Cu^ "*". Some of the important parameters of 
the glasses studied are shown in Table I. 
The densities of the glasses were measured by 
Archimedes's principle using carbon tetrachloride and 
microbalancc with an accuracy of ±0.01. The mean mo-
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FIG. 1. X-ray diffraction patterns of some of the (4 3-3 y) 
glasses, (a) (4:3:3:1), (b) (4:3:3:2), (c) (4:3:3:3), (d) (4:3:3:4), and (c) 
(4:3:3:5) glass. 
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TABLE I. Some important physical parameters of (4:3:3:>') glasses. T„ is crystallization temperature. 
45 
Values of y 
Starting Cu 
content (wt %) 
Final Cu 
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•Calculated from Incr^ vs l/Tcurves. Values within parentheses were obtained from the Mffi^T) vs 1/Tcurves (see Ref. 2). 
va 
molecular weight 
density X no. of oxygen units in one formula unit (1) 
The variations of density p and mean molar volume VQ 
with CuO concentrations are shown in Fig. 2. It appears 
that there is some nonlinearity in both the curves around 
2S-30 mol% of CuO. This nonlinearity corresponds 
closely to the theoretical (4:3:3:4) composition. This glass 
composition, in its glass'ceramic phase, ^ives rise to a 
sharp superconducting transition around 85 K and shows 
single phase character.^'^ Similar anomalous behavior of 
density was also observed in some other ternary vanadate 
glasses studied earlier.'* The density of the (4:3:3:_i;) glass 
varies from 5.97 to 5.86 g/cm^ for a change of CuO con-
centration from 0 to 38.S mol %. The nonlinear variation 
of {VQ) also suggests that the geometry and topology of 
the random network of the glasses change with CuO con-
centrations. This is also suggested from the fact that the 
superconducting transition temperatures T^ (zero) of the 
FIG. 2. Density and apparent molar volume of oxygen IVo ) 
vs concentration of CuO in the (4:3;3:>') glasses. The density of 
each glass was measured four times and the mean density value 
was plotted in the curve. Each glass sample of a particular com-
position was prepared three times and the density values of the 
glasses weie found to vary by not more than ±5% from one 
sample to another of the same composition. 
corresponding glass-ceramics (with }' = 3-5) change with 
the corresponding change of CuO concentrations^" (see' 
Table I). The nonlinearities mentioned above are also 
reflected in the dc and ac conductivities of the (4:3:3:>') 
glasses measured with different concentrations of TMI as 
discussed below. 
The dc and ac conductivities (a) of these glasses were 
measured similarly to our earlier work.^''* The general 
trend of variation of (a^c) "ith temperature (between 77 
and 450 K) is almost same for all the (4:3:3:^ ;) glass com-
positions as that of the (4:3:3:4) glass.^ The concentration 
dependence of dc conductivity (CTJ^ I and activation ener-
gy (WO of some of the (4:3:3:;') glasses for two fixed tem-
peratures (300 and 410 K) arc shown in Fig. 3. It appears 
-6.0r 
20 30 
CuO concentrition(mol %) 
FIG. 3. Concentration (mol % of CuO) dependences of dc 
conductivity and activation energy at 300 and 410 K. 
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from this figure that there is some anomalous variation of 
(o^) around the same concentrations (23-30 mol% of 
CuO), where (p) and (KQ) showed jionlinearities. It is fur-
ther observed from this figure that (Cae' ** *°y ^^ ***' 
perature increases with an increase of CuO concentra-
tions and this increase with an increase of CuO (mol %) is 
more rapid above ~25 mol% of CuO. The nature of »11 
the curves for different fixed temperatures is the same. 
The activation energy at higher temperature (above 0 / 2 , 
0 being the Debye temperature) decreases with the in-
crease of CuO concentrations (Fig. 3). The magnitude of 
(a^^) at any temperature is found to be lower in all the 
(4:3:3:;') glasses having higher values of activation ener-
gies. It is also observed that the present (4:3:3:;') glass 
system shows higher room-temperature resistivities com-
pared to many other (TMO) glasses like (PiOj-ViOj)," 
(BijOj-VjOj).'* (BijOj-FejO)," (CaO-P^OjCuO)," etc. 
We have also measured the ac conductivities of the 
(4:3:3:>>) glasses for a fixed frequency (1 kHz) with 
different concentrations of CuO as shown in Fig. 4. The 
ac conductivities of these glasses also show a quasllmear 
variation starting the nonlinearity around 25-30 mol % 
of CuO, similar to other properties of these glasses men-
tioned above. Here we should also mention that the glass 
prepared with ;> = 0 in the series (4:3:3:}') is transparent 
and insulator. The (4:3:3:y) glasses with )> <2 are practi-
cally insulators and they do not even become supercon-
ductors in their glass-ceramic phases within the tempef a-
ture range of our observation (80 K). 
For some structural information we have also studied 
the infrared (ir) absorptions for all the (4:3:3:y) glasses as 
discussed below. The ir spectra of all the powder glasses 
with KBr were taken in the frequency range of 200 to 
4000 cm~' at room temperature (~298 K) as shown in 
Fig. S. The important absorption peaks and bands ftre 
shown in Table II. The main features observed from the 
above spectra are as follows. 
(i) All the glass samples exhibit a weak water band 
around 3440 cm~' and an -OH stretching peak near 2920 
cm~'. These peaks might be due to the little hygroscopic 
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FIG. 4. Concentration Imol % of CuO) dependences of ac 
conductivity at 1 kHz. 
FIG. 5. Infrared-absorption sptatra of some of the (4.3:3:;') 
glasses, (a) (4:3JK)). (b) (4:3:3:1), (c) (4:3:3:2), (d) (4:3:3:3), (e) 
(4:3:3:4), and (f) (4:3:3:5) glass. 
served that in the glass samples with lower concentration 
of CuO (i.e., higher concentration of the glass former ox-
ide BijO]), the glass powder absorbs moisture and be-
come gradually discolored, indicating the effect of mois-
ture absorption. 
(ii) All the glass samples exhibit three major absorption 
peaks near 765-790 cm"', 600-610 cm"', and 505-510 
cm"'. There is possibly another absorption peak near 
310 cm"' in some of these glasses. The absorption peak 
near 600-610 cm"' is very weak in all the glasses. 
(iii) The hydroxyl ion 0H'~ is characterized by a sharp 
band at 3500-3700 cm"'. In general, the hydroxyl 
(-0H) stretching band is sharper and at a higher frequen-
cy than the -OH stretching band of water. The observed 
sharp absorption peak at 3620 cm"' in some of the 
glasses may be due to the formation of metal hydroxides 
resulting from the absorbed water by the glass samples. 
Ca(0H)2 has a stretching frequency" of 3644 cm"' 
which is close to the peak frequency at 3600 cm"' exhib-
ited by some glass samples. 
(iv) The very weak absorption bands at 860 and 1450 
cm"' observed in some glasses may be due to the pres-
ence of some CaC03 or SrCOj in nanocrystalline phases 
not detectable with x-ray study. The concentration of 
these crystalline phases is so small in the amorphous ma-
trix that they do not affect the electrical properties stud-
ied. This is confirmed from the fact that the same glass 
samples prepared in different lots under the same condi-
tions show almost identical electrical and other physical 
properties. The electrical resistivities of these glasses, for 
example, at a fixed temperature (300 K) was found to 
differ only by about 5%, which might be attributed to the 
change of degree of amorphousness in the samples. 
Furthermore, the amount of oxygen absorbed by these 
glasses during preparation might also differ causing a 
change of resistivities. The nature of the thermal varia-
tion of resistivity, however, remains the same as shown in 
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Figs. 3 and 4. 
Crystalline Bi^ Oj has absorption peaks^ " at 14(X), 610, 
525, 450, 395, and 360 cm"'. The absorption peaks 
around 14(X) and 395 cm~' appearing in crystalline BijOj 
are related in the glasses with a high concentration of 
BijO] (or low concentration of CuO), although the peaks 
at 395 cm"' shift to a lower frequency at 380 cm"'. 
However, these peaks seem to have disappeared in the 
glasses with increasing CuO concentrations. The absorp-
tion peaks appearing at 610 and S2S cm"' in the crystal-
line Bi203 are also related in all the glass samples with a 
little shift towards the lower freiquency (600-610 cm"' 
and SOS-SIO cm"', respectively). A strong absorption 
band around 765-790 cm"' also appears in all the 
glasses. Moreover, although some of the characteristic 
peaks of the crystalline BijOj disappear in the glasses 
containing higher concentrations of CuO, no new absorp-
tion peaks or bands appear in the glasses with the in-
crease of CuO concentrations. 
From the above considerations it is reasonable to as-
sume that the structure of the Bi-Sr-Ca-Cu-O glasses are 
primarily determined by the 61203 structure. Copper 
structural units do no change significantly with the in-
crease of CuO content in the (4:3:3:>>) glasses. As the Cu 
structural units remain almost unchanged in the glasses, 
the characteristic phonon frequency (v^) is not expected 
to change much with CuO concentrations. This is also 
further supported by the temperature-dependent varia-
tions of conductivities for different CuO concentra-
tions, "**'° more details of which will be published else-
where; 
As suggested by Zheng, Xu, and Mackenzie,' the 
bismuth ions remain as [BiOj] octahedra with coordina-
tion number 6 or may also be present as [BiOj] pyramidal 
units in the presence of polarizing cations in the glass 
network. The [BiOj] pyramidal units have four funda-
mental infrared vibrations. They are as follows: Vp a to-
tally symmetric-stretch vibration (840 cm"'); Vj, a totally 
symmetric bond-bending vibration (470 cm"'); V3, a dou-
bly degenerate stretching vibration (540-620 cm"'); and 
V4, a doubly degenerate bond-bending vibration (350 
cm"'). The [BiO ]^ units have only two infrared-active 
fundamental vibrations (vj and Vj) (Ref. 19) and the peak 
positions shift to longer wavelengths because of a weaker 
polarizing effect. It has already been pointed out*-''^ ' 
that one of the indications of the [Bi03] pyramidal units 
is the 640 cm"' vibration band in these glasses as shown 
in Fig. 5. 
In some of the glasses with low CuO concentrations 
and higher 61^03 and (Ca-Sr-0) concentrations only weak 
absorption peaks near 860 and 310 cm"' are present. In 
all the other glasses with higher CuO content these two 
peaks totally disappear. The other two fundamental 
peaks around 540-620 and 470 cm"', corresponding to 
both [8103] and [BiOj] structural units, are present in all 
the glasses. 
From the above infrared spectra (Fig. 5) of the (4:3:3:j') 
glasses, it appears that the glass network is mainly made 
up of [BiOj] octahedral structural units. Some of the 
glasses with low CuO concentrations (less than 20 mol % 
of CuO) show some evidences of the presence of a small 
number of [Bi03] pyramidal structural units. Zheng, 
Colby, and Mackenzie* and Zheng, Xu, and Mackenzie' 
suggested that the presence of these [Bi03] units in the 
(Ca-Sr-O) and Bi203 containing (or low CuO content) 
glasses may be caused by the polarizing effect of Ca^ "*" 
and Sr^ * cations. The presence of these polarizing cat-
ions may also reduce the coordination number of bismuth 
from 6 to 3 and hence a transition from the octahedral 
[BiOj] structural units to the pyramidal [Bi03] structural 
units is also possible, depending on the CuO concentra-
tions in the glass (i.e., TMI concentrations). However, no 
such evidence of the change of the structural unit is avail-
able from x-ray diffractograms (Fig. 1) of these glasses 
with different "y" values. This also indicates that there is 
no long-range order in the as-quenched glasses. Howev-
er, the change of slope of IVQ) with CuO concentration 
(Fig. 2) might be due to structural change or the phase-
separation effect in the glasses. This was also pointed out 
in Refs. 18(a) and 18(b) in V2OJ-P2O3 glasses. 
This change of coordination number possible with a 
change of CuO and/or 81303 concentrations is supposed 
to be responsible for the nonlinear variations of some of 
the basic physical properties of the glasses around (20-30 
mol %). It has already been mentioned that nonlinear 
variations of density (p), T^, and electrical conductivities 
have also been observed in some other ternary oxide 
glasses,'* viz., V2O3-P2O5-M, with M^^BijO^. SbzOj, and 
Ge02. For these glasses it has been shown that nonlinear 
variations of the physical properties as mentioned above 
are really associated with the nonlinear change of the ion-
ic ratio of V'"*" and V*"*" ions in the vanadate glasses. 
These nonlinear or quasilinear variations of density, mo-
lar oxygen volume, T^, electrical conductivities, etc., of 
ternary or quaternary oxide glasses might be an incipient 
behavior of these glasses. Similar prop-rties^^ have also 
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been noticed in the other series, viz., (Bi^SrjCajCu^O,) or 
{y:l:lA) glasses {withy = 2 . 5 - 5 ) . The (Bi3.jSr3CajCu40,) 
glass of this series is of particutar importance since only 
this very glass can be drawn in the form of long wires or 
filaments very easily like vanadate glasses. More about 
this {y:2:3-A) series will be discussed elsewhere. 
One of the authors (S.M.) is grateful to CSIR for par-
tial support. Thanks arc also due to Professor S. P. Scn-
gupta and Professor N. Raychowdhury for allowing the 
authors to use the x-ray diffractometer and DTA ap-
paratus of their respective laboratories. 
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Nonadiabatic small-polaron hopping conduction in Li-doped 
and undoped Bi+SrsCajCu^O, (0 <y < 5) 
S. Mollah, K. K. Som, K. Bose, A. K. Chakravorty, and B. K. Chaudhuri 
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Detailed experimental results of temperature- and CuO-concentration-dependent dc conductivities of 
semiconducting Bi4SrjCa3Cu,0, iy =0 to 5) and Li-doped Bi,Sr3Caj_,Li,Cu40;, (z =0.1, 0.5, and 1.0) 
glasses are reported. The variation of activation energy with glass compositions dominates the conduc-
tivity. Unlike many glasses with transition-metal ions, a strong preexponential factor containing the 
"small-polaron" tunneling term [exp( —2aR)] is observed. Nonadiabatic small-polaron hopping mecha-
nism is found to be appropriate for explaining the conductivity data of both glass systems. Addition of 
alkali-metal ions decreases the conductivities and causes appreciable change of some model parameters 
obtained from least-squares fittings of the experimental data. The overall thermal behavior of the elec-
trical conductivities of the glasses, however, remains unaltered. This indicates that small (less than 10 
wt.%) amount of Li or other alkali-metal ions in these glasses acts as a flux to keep the oxygen content 
fixed in the corresponding glass-ceramic (superconducting) phases. This in turn helps increase the super-
conducting transition temperature of the glass ceramics and also lower the sintering and melting temper-
atures of the glasses. 
I. INTRODUCTION 
The study of transition-metal oxide glasses are of par-
ticular importance for many technological applications.' 
Recently several transition-metal oxide glasses, such as 
YBajCujO;,,^ (Bi,Pb)-Sr-Ca-Cu-0,' etc., have been 
discovered, which become superconductors in their 
glass-ceramic phases. These glasses with transition-metal 
ions (TMI) are very useful precursor materials for making 
high-temperature superconducting oxide wires, tapes, or 
thick films.* The room-temperature electrical conductivi-
ties of these glasses are, however, two to three orders of 
magnitude lower than those of iron, vanadium, or other 
TMI glasses.'"' The glasses of our present investigation, 
such as Bi4Ca3Sr3CUj,0, (hereafter referred to as 4:3:3:;', 
glasses) have already been found'"' to show interesting 
nonlinear variations of glass transition temperature {T^), 
density (p), mean molar oxygen volume (KQ), etc., as a 
function of CuO or^BijOs concentrations. The 4:3:3:4 
glass is especially important as it acts as a precursor for 
making single phase Bi2Sr2Ca,Cu20j (2:2:1:2) supercon-
ductors with T^ between 80 and 84 K.' It has also been 
reported'"" '^  that addition of some alkaline oxides in this 
system improves the superconducting behavior of the 
glass ceramics (increase of T^) and also lowers the ceram-
ic sintering temperature. However, detailed investigation 
of the electrical properties of both Li-doped and undoped 
Bi-Sr-Ca-Cu-0 glasses for different CuO concentrations 
has not yet been reported. 
Since the superconducting behavior of the present glass 
ceramics depends on the CuO concentrations,'"' our plan 
is to study the CuO- and Li-concentration-dependent 
electrical and other properties of the Bi4Ca3Sr3Cu^Oj5 
(with y=0-5) and Bi4Sr3Ca3_,Li,Cu40, (with z = 0 . 1 , 
0.5, and 1.0) glasses, respectively. An attempt has also 
been made to study the effects of Li ions on the supercon-
ducting transition temperatures (T,) of the corresponding 
Li-doped 4:3:(3—z):4 glass ceramics. Such studies would 
elucidate the differences in the properties of these and 
other transition-metal oxide (TMO) glasses, which do not 
become superconductors in their glass-ceramic phases. 
Furthermore, the model parameters like Debye tempera-
ture, electron-phonon interaction constant, polaron ra-
dius, etc., obtained from the electrical conductivities of 
these glasses might be useful to a deeper understanding of 
the mechanism of superconductivity in the corresponding 
glass ceramics. 
In Sec. II we have discussed in brief the preparation 
and characterization of the glasses. In Sec. Ill results of 
dc conductivities of both A-.l-.i.y and Li-doped 4:3;(3 —z):4 
glasses have been discussed with small-polaron hopping 
models. The different model parameters calculated for 
both the glass systems are reported. Finally, the paper 
ends with a conclusion in Sec. IV. 
II. PREPARATION AND CHARACTERIZATION 
OF THE GLASSES 
The method of preparation of the Bi4Ca3Sr3Cu^O^ 
glasses have already been discussed earlier.'"'"'* A simi-
lar method has also been used to prepare the lithium-
doped 4:3:(3—z):4, or Bi4Sr3Ca3_,LijCu40,, glasses. 
Three Li-doped 4:3:(3—z):4 glass samples studied are for 
z =0 .1 (sample No. 9), 0.5 (sample No. 10), and 1.0 (sam-
ple No. 11). The oxide materials, viz., Bi203, CaC03, 
SrC03, CuO, and LiOH-HzO used for the preparation of 
the glasses are of 99.99% purity. Since the ratio 
C = [Cu'''']/[Cu(total)] depends on the glass making tem-
perature, all the glasses were made by quick quenching 
from their respective melts at 1200 °C to room tempera-
46 11 075 ©1992 The American Physical Society 
157 
11076 MOLLAH, SOM. BOSE, CHAKRAVORTY, AND CHAUDHURI 46 
ture (303 K). Each melt was kept at this temperature for 
one hour. The amorphous character of these glasses were 
confirmed by x-ray diffraction (Philips, Model PW 
1050/1051) and scanning electron microscopic (Hitachi, 
Model S-415A) studies as before.'•'? The scattering wave 
vector k calculated from the relation k =4irsinfl/A. gives 
a value of 2.11 A~', which is typical for an amorphous 
material. Annealing the samples up to 200'C for 2 h did 
not induce any crystallinity. Figure 1 shows the 
differential thermal analysis (DTA) (Shimadzu DT-30) 
curves of different glasses. Each curve shows an endo-
thermic peak around 400-425 'C that corresponds to the 
glass transition temperature (T^). Most of the TMO 
glasses, however, show lower (around 350*C) T^ values. 
We did not observe, unlike Zheng and co-workers, * a sys-
tematic variation of T^ with CuO concentration as shown 
in Table I. There are number of exothermic crystalliza-
tion peaks followed by endothermic glass transition peaks 
some of which are only prominent (Fig. 1). The 
difference {T„ — T^) between crystallization temperature 
(T„) and T, for the 4:3:3:>' glasses vary from 60*C to 
IIS'C (Table I) indicating that the glasses are fairly 
stable. Some important parameters obtained from DTA 
(for determining T^ and T„), density measurement, 
atomic absorption, and chemical analysis are shown in 
Tables I and II, respectively, for the 4;3:3:^ and Li-doped 
4:3:(3 —z):4 glasses. Slightly higher values of t^e final 
wt% of Cu than the corresponding starting value (Table 
I) is considered to be mainly due to the loss of oxygen 
from the melt. However, evaporation loss of BiiOj, in 
particular, should also be taken into account. It is fur-
ther observed from Table I that a majority of the copper 
atoms exist in the glasses as Cu''^ ions. Addition of Li 
ions does not appreciably change the value of Cu concen-
tration in the Li-doped 4:3:(3—z):4 glasses. Little in-
crease in the Tj values of the Li-doped 4:3:(3—z):4 
glasses than those of the corresponding base glass, viz., 
Bi^ SrjCajCu^Oj, (4:3:3:4, for which z =0) is also noticed 
from Table II. 
FIG. 1. DTA curves of Bi^ SrjCajCu^ O^  glasses with (a) 
yO, (b) y = {, (c) y=l. (d) y = 3, (e) y=3.5, (0 i'=4, (g) 
y =4.5, and (h)>=5. 
III. RESULTS AND DISCUSSION 
Figure 2(a) shows the logarithm of dc conductivity 
(a^ c) of the Bi4SrjCa3CUj,0, glasses for different y (CuO 
Sample 
TABLE I. Some important parameters for the Bi4Sr3Ca3Cu,Ox glasses. 
No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8 
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'Obtained from atomic absorption spectroscopy. 
''Superconducting transition temperature of the glass ceramics obtained from resisti-ity measurement. 
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TABLE II. Some important parameters for the 
B^SrjCai-^CujLi.O;, glasses. ' 
Sample No. 9 No. 10 No. 11 
concentration) values as a function of I O V T (Tis the ab-
solute temperature). The slopes of the curves change 
shghtly with T in the high-temperature region indicating 
slow variation of activation energy (HO. The correspond-
ing dc conductivity curves for lithium-doped 
Bi4SrjCaj_,Li,Cu40j5 samples arc shown in Fig. 3(a). 
The nature of the curves (with z = 0 . 1 , 0.5, and 1.0) are 
almost simUar to those of the pure 4:3:3-.y glasses shown 
in Fig. 2(a). However, the magnitude of dc conductivity 
at any temperature (say at room temperature) is lower in 
the Li-doped 4:3:(3—r):4 glasses. A plot of excess con-
•i.\-
-5 
Values of z 
Density (p) 
Ig cm"') 
N (10" cm"') 
R (A) 
r, (A) 
T, ( ' O 
T. (K)' 
'Superconducting 


































HG. 3. (a) Thermal variation of dc conductivity (ajcl of 
different Bi4Sr]Ca3_,Li,Cu40, glasses, (b) Variation of 
Iog|o((crjcT)] vs 10'/Tcurves for different 4:J:3:>i glasses. 
lOOO/T IK ) 
FIG. 2. (a) Thermal variation of dc conductivity ((Tdc) of 
different Bi^ScjCajCu^Oj, glasses, (b) Variation of log,o[(<rac'n] 
vs lOVrcurves for different 4:3:3:i> glasses. 
ductivity Acr^ ^ ["=(^60 (undoped 4:3:3:4 glasses) -cr^j 
(Li-doped 4:3:(3—z):4 glasses)] as a function of tempera-
ture for different Li concentrations (shown in Fig. 4) dis-
tinguishes the low- and high-temperature regions of the 
thermal variations of a^^. The low-temperature conduc-
tivities are almost independent of temperature in the Li-
doped glasses. Below a certain temperature, which varies 
from 240 to 200 K (for different 4:3:3:j; glasses) the 
change of slopes are more pronounced in the glasses with 
higher values of >> having higher conductivity at low tem-
perature. Such a behavior of a^^ is typical for "small-
polaron" hopping conduction in transition-metal oxide 
glasses.'^ The variation of conductivity and activation 
energy W^  with ;»are shown in Fig. 5, which indicates that 
at any fixed temperature, a^^ increases with increasing 
CuO concentration. This increase is, however, non-
linear,'-* unlike iron-bismuth,* vanadate,^ or Cu-Te-0-
type'* glasses. The magnitude of activation energy at 
higher temperatures (above Q B / 2 , ©^ being the Debye 
temperature) decreases with the increase of CuO content 
in the glasses. Similar variation of cr^^ and ff are also ob-
served for Li-doped 4:3:(3—z):4 glasses as shown in Fig. 
5. 
Using a polaron hopping mechanism, the experimental 
conductivity data of these glasses could be explained'"*•" 
with an equation (in the nonadiabatic approximation) of 
the form" 
<^dc=''•oexp( - 2aR )exp( - W/k^ T) (1) 
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where cTg — v^i^e^Cil — O/kgTR, v^ is the optical pho-
non frequency, R is the average Cu-Cu spacing, k^ is 
Boltzmann's constant, and a is the wave-function decay 
constant. The activation energy Jfcanbe written as" 
l^h + ^d/^. ( f o r r > 0 f l / 2 ) 
" " " Wj . (for r < 0 B / 4 ) . ^ '^ 
where W/, and Wj arc, respectively, the polaron hopping 
energy and disorder energy arising from the energy 
difference of the neighboring sites. 
The presence of T " ' term in the prcexponential factor 
of Eq. (I) suggests that a plot of log^Qicr^T) as a function 
of r ~ ' would be more appropriate to distinguish between 
the high- and the low-temperature region. Figures 2(b) 
and 3(b) show such curves, respectively, for the 4:3:3:}' 
and Li-doped 4:3:(3—z):4 glasses. The values of ©^ 
determined from the departure from the linearity of these 
curves are shown in Table III. The values of 0^ calcu-
lated for the Li-dopcd 4:3:(3—z):4 glasses arc higher than 
those of the 4:3:3:;» glasses. The values of phonon fre-
quency (vph) calculated from different curves in Figs. 2 
and 3 are in good agreement as shown in Table III. The 
values of v^ ^ calculated from the infrared spectra corre-
sponding to the characteristic absorption band''" at 
505-510 cm"' is 1.53X lO" Hz, which is slightly higher 
but almost constant for all the glass samples studied 












250 290 330 370 410 
T(K) 
1.50 
FIG. 4. Variation of excess conductivity Aa^c — t^^c 'fo'' 
4:3:3:4 base glass) — a j , (for the Li-doped 4:3:(3 —z):4 glass). 
glasses arc higher than those of the pure 4:3:3:}' glasses. 
The higher values of ©o and v^^^ are found to give higher 
values of T^ in the Li-doped superconducting glass 
ceramics. 
The dc conductivity of semiconducting TMO glasses, 
such as 4:3:3:}) and Li-doped 4:3:(3—z).4 can be explained 
by considering hopping of polarons (electrons) between 
localized states. The values of different parameters like 
W, a, r^  (polaron radius), fV^, C, etc., as calculated from 
the a^ values following Eqs. (1) and' (2) are shown in 
Tables I-IV. The value of W^ is calculated from the rela-
tion 
W, = lV./2-={e^/4€.nr''-R-') , (3) 
where r^  is the polaron radius and e^  is the effective 
dielectric constant ( e p = e „ = n \ n is the refractive index 
of the glass). Since dielectric constant" of the 4:3:3:}/ 
glasses do not change much with CuO concentrations, 
the value of n, for all the 4:3:3:}' glasses, is taken to be 
equal to 1.995, which was determined from the measure-
ments of Brewster's angle. '*•" W^ obtained from the 
slopes of the curves of Figs. 2 and 3 at two fixed tempera-
tures (300 and 410 K) are shown in Table IV. The disor-
der energy (JK )^ is calculated from the Miller-Abrahams 
theory." The difference between W and W^ arises from 
the disorder term Wj/2 (Eq. (2)]. The values of fV^ cal-
-4.10 20 30 
CuO content (niol%) 
06 
0 7 „ 
> 
-0.6 
2 ; i 
LiOH HjO conleni (molV.) 
0.5 
FIG. 5. Variation of dc conductivity (<7jc) and activation en-
ergy (ffO with Cu (a) and Li (b) concentrations in the A-.i-.iy and 
Li-doped 4:3:(3 —z).4 glasses, respectively, at two different fixed 
temperatures. 
160 
46 NONADIABATIC SMALL-POLARON HOPPING CONDUCTION IN 11079 
TABLE III. Some important parameters for the 4:3:3:y and Li-doped 4:3:(3-z):4 glasses obtained 
from the dc conductivity data. ^ 
Debye temperature Qp (K) Phonon frequency Vpi, (Hz) 




















































"Calculated from the logiolff dc) versus 10' /T curve (Figs. 2(a) and 3(a)]. 
•"Obtained from the log,o(o-dc7) versus lOVrcurve [Fig. 2(b)]. 
'Obtained from the intercept of the logio[a-o/£^(l~C)l versus J? curve (Fig. 6(a)]. 
culated" from Wj=0.3e^/e,R (where €, is the static 
dielectric constant) varies from 0.062 to 0.029 eV for the 
4:2:3:y glasses. It is found that the disorder energy de-
creases with increase of CuO concentrations. This is also 
true for the other TMO glasses. We notice from Table 
IV that the values ot AW { = W-Wi„ at 300 K, say) 
vary in the range of 0.48-0.22 eV, which is much higher 
than the theoretically calculated values of Wj /2 . Similar 
results have also been reported for the Fe203-Bi20] and 
vanadate glasses.'-' Since the C values {the ratio 
lCu'*]/[Cu(total)]) do not change much (see Table I) in 
the 4:3:3:;' glasses for different CuO contents, this 
discrepancy in activation energy might be described as 
the effect of the partial charge of the cations of the glass 
forming oxides (Bi203, CaO, etc.)." 
The importance of the tunneling term (exp(—2ai?)] in 
Eq. (1) for the glasses could be understood^ by plotting 
logioffjc against >f at a fixed temperature. The tempera-
ture T, estimated from the slope of such a plot would be 
close to the experimental temperature when the hopping 
is considered to be in the adiabatic regime. ^  On the oth-
er hand, T, would be very different from the experimen-
tal temperature if the hopping is considered to be in the 
nonadiabatic regime. Such a plot for two fixed tempera-
tures (T =300 and 410 K) is shown in Fig. 6(a). The tem-
peratiii^ estimated from the slopes of the curves are 195 
and 260 K, respectively. Similarly for the Li-doped 
4:3:(3—z):4 glasses such a plot for two fixed temperatures 
(286 and 400 K) the corresponding T, values estimated 
are 647 and 915 K, respectively. Thus, the higher values 
of Tf from the corresponding experimental temperatures 
suggest nonadiabatic polaron hopping conduction in the 
4:3:3:;' and Li-doped 4:3:(3—z):4 glasses. The nonadia-
batic hopping character is also supported from the validi-
ty of Holstein's condition^' as discussed below. 
For adiabatic hopping the polaron bandwidth J should 
satisfy the following condition,^' viz.. 
J>H , (4) 
where 





































































































'Calculated from Eq. (1) assuming «,=«« = «' (with n = 1.995). 
''Calculated from Wj=0.03e^/e,R. The values off, were estimated from the experimental dielectric 
constant data of the samples (Ref. 17). 
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H = (2ka TH'^/7r)'/''{ficuph/ir)'^^ 
Similarly for nonadiabatic hopping one has J <H. The 
condition for the formation of small polaron is / < W^  / 3 . 
An estimation of / can be made from the approximate re-
lation 
J^e\N(EF)]^'^/€y' (5) 
The right-hand side of Eq. (4) gives a value of 0.03-0.04 
eV. From Eq. (5) one finds y=0.02 eV for a value of 
JV(£f)=10'° c V - ' c m " ' [N(EF) is the density of states 
at the Fermi level obtained from the ac conductivity data 
of the 4:3:3:;/ glasses"]. The condition for small-polaron 
formation (/ < W^ /3) is also satisfied. The estimated 
value of / obtained from Eq. (5) is slightly less than the 
right-hand side of Eq. (4), which indicates that the 
small-polaron hopping occurs in the nonadiabatic regime. 
Nonadiabatic hopping conduction in the present glass 
systems is also supported from other facts as illustrated 
below. 
The wave-function decay constant (a) can be obtained 
experimentally from the slope of log,o[f7-(,/C(l —O] 







* • • • • ^ 
(B) @ ^ » 
• 
•• 
2.1. 3.1. kX 5.<. 
lOOO/T (.K ' ) 
FIG. 6. (a) Plot of logio(ajt) vs activation energy (HO for the 
4:3:3:>> glasses at two iixed experimental temperatures, 410 K (1) 
and 300 K (2). The temperatures T, within the parentheses are 
obtained from the slopes of the curves; variation of 
logia[ao/C(l —C)] with R (mean separation between Cu sites) 
for the 4:3:3:;/ glasses (3). (b) Plot of W/W vs lOVr for the 
Bi4SrjCajCu40, (3) and Bi4SrjCaj_,Li,Cu40;, (for z = 1.0 only) 
(2) glasses. The theoretical curve (1) is obtained from Eq. (7). 
versus R curve [Fig. 6(a)]. Murawski and Gzowski" 
have shown that logioCTg is a linear function of R in iron-
phosphate glasses and O-Q [Eq. (1)] should be divided by 
[C(l —O] as the value of C may vary for different glass 
compositions. From the slope of the linear curve [Fig. 
6(a)] the value of a is found to be 0.67 A~'. This value of 
a is well within the limit suggested by Austin and Gar-
bett" and also satisfies the requirement for applying 
small-polaron theory, viz., a~^ <r^<R. Murawski, 
Chung, and Mackenzie^^ have shown that the value of a 
ranges from 0.4-4 A~' for a series of TMO glasses. The 
values of a can also be calculated from Eq. (1) by insert-
ing the values of N, R, and C from Tables 1 and 11 and as-
suming a reasonable value of Vph= lO'-' Hz. We have al-
ready estimated from IR spectra a value of 
Vph= 1.53X10" Hz for the 4:3:3:>'-type glasses. The 
values of Vp e^xpC—2a/{) calculated from the conductivity 
data is shown in Table V. It is noticed from Table V that 
the values of Vpi,exp(—2ai?) varying from 2.92X10' to 
1.69X10'° Hz are much less than the corresponding 
values of the TMO glasses obeying adiabatic hopping 
conduction. This also suggests that the nonadiabatic 
conduction mechanism is valid for the 4:3:3:>' and Li-
doped 4:3:(3—z):4 glasses. The values of Vpj, have also 
been calculated from the conductivity data assuming 
a = 0.67 A."' as obtained from the slope of Fig. 6(a) and 
using the values of R, N, and C from Table I. These 
values of Vp^  (shown in Table V) are little less than those 
obtained from the IR absorption spectra. The IR spec-
tra, as mentioned above, gives more or less constant 
values of Vpj, for all 4:3:3:;' glasses, whereas the values of 
Vpj, obtained from :he conductivity data of the glasses de-
creases with the increase of CuO concentrations of the 
glasses. The values of Vp^  calculated from ©o values 
(Table III) also show this trend of variation of Vp,, (see 
Table III). 
The values of small-polaron coupling constant (y^), 
which is a measure of electron-phonon interaction in the 
glasses, can be estimated from the relation'^ 
y,=2»'i//ivph. Using the values of W^ from Table IV 
and Vp,,= 10'' Hz, the calculated values of y^ listed in 
Table V are found to vary from 8.69 to 14 for the 4:3:3^;'-
typc glasses. Austin and Mott" suggested that a value of 
y^ > 4 usually indicates strong electron-phonon interac-
tion in solids. From the values of y^, we have evaluated 
the effective mass (m )^ of the polaron in the glasses using 
the relation'^ 
m=[h/2JR ^)exp(y, ) = m •exp(y.) (6) 
where m ' is the rigid-lattice effective mass. The calculat-
ed values of y . and m./m' are found to be quite large 
indicating strong electron-phonon interaction in these 
glasses, which also supports the formation of small pola-
rons in them.^' The values of m^/wi* for the Li-doped 
4:3:(3—z):4 glasses are a little bit higher (see Table V) 
than those of the Li-free glasses. 
Schnakenberg suggested that with the lowering of 
temperature the multiphonon processes are replaced by a 
single phonon (optical) process and the activation energy 
for conduction should follow the relation 
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•Calculated from Vphexp(—2ai?) assuming 
logio(ffo/C(l—O] versus R curve [Fig. 6(a)I. 
•"Calculated from the values of Vpkexp( -2aJ?) assuming Vph= lO" Hz. 
'Obtained from the slope of log,o(cr^r'^) versus T""* curve (Fig. 7). 
"Assuming <Upi,/2ir= 10" Hz. 
a = 0.67 A~ as obtained from the slope of 
JF/W" = tanh(/i(i,ph/4fcj, r)/(ym>ph/4fc,D . (7) 
where W is the high-temperature activation energy. In 
Fig. 6(b), the experimental as well as theoretical values of 
W/W for one typical glass sample (Bi^SrjCa^Cu^O,) are 
plotted as a function of temperature. All the other 
members of the 4:3:3:;' glasses also behave almost similar-
ly. It is observed from Fig. 6(b) that both the experimen-
tal and theoretical values of W/W decrease with the de-
crease of temperature but the quantitative fit is rather 
poor. Almost similar is the case with Li-doped glasses 
[Fig. 6(b)). It should be mentioned here that the fall in 
activation energy with temperature is quite consistent in 
the light of polaron hopping model of dc conductivity. 
At sufficiently low temperature where the polaron 
binding energy is small and static disorder energy of the 
glass plays a dominant role in the conduction process, 
Mott's 7*"'''* analysis for the variable range hopping 
(VRH) can in general be applied for the TMO glasses. 
But for the 4:3:3:3» and Li-doped 4:3:(3 —z):4 glasses 
sufficient data at low temperature is not available due to 
experimental limitations and very high resistivity of the 
samples. An attempt to verify the appJicability of this 
law gives unacceptably large values of a and W^. In an 
alternative way. Greaves^' suggested a variable range 
hopping conduction in the intermediate temperature 
range and derived an expression for the conductivity as 
'dc r " ' = L e x p ( - B / r ' ' ' ' ) , (8) 
where B and L are constants. The slope (B) of 
108io(<''dc^'^'> versus r~'^* curve is given by 
£=2.1[aV/cjAr(£f) ] '^* = 2.4[»'rf(a/{)V/fB]''"' . (9) 
Figure 7 shows the piot of Iog,o(aj<.7''^) as a function of 
r~'^* for some of the 4:3:3:;' and Li-doped 4:3:(3-z):4 
-1 /4 - t / i » , T ' (K ^ ) 
- tA^^ - , / 4 ^ 
FIG. 7. Plot of log,o[(a^,r'^)] vs T'^'* for the Bi4SrjCa3Cu,0, [y =3 (A),;' =4 (B),y =5 (O) and Bi4Sr,Caj_,Li,Cu,0, glasses. 
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glasses. Other members also follow similar behavior. 
From the slopes (B) of the curves the values of a and Wj 
have been calculated using Eq. (9). The calculated values 
of a from Greaves' T"'''* plot shown in Table V are. 
higher than those obtained from the dc conductivity data 
at higher temperatures but still they are well within the 
limit suggested by Austin and Garbett.^^ The calculated 
values of Wj from Eq. (9) are unacccptably large. This 
type of large value of Wj was also reported for the vana-
date^' and Bi203-Fe203 glasses.' 
IV. CONCLUSION 
The dc conductivities of the Li-doped 4:3:{3—z):4 
glasses are lower than those of the undoped 4.h2:y 
glasses. Electrical conduction in both the glasses are 
found to be, due to hopping of small polarons between lo-
calized sites and the hopping process occurs, unlike many 
other TMO glasses, in the nonadiabatic regime. In the 
high-temperature region the activation energy W de-
creases slowly with the decrease of temperature and the 
conduction process is dominated by the thermally ac-
tivated nearest-neighbor hopping of small polarons. In 
the intermediate- and low-temperature regions the VRH 
conduction appears to be more appropriate. The fitting 
of the experimental conductivity data with Greaves' rela-
tion" [Eq. (8)] at intermediate temperature shows quali-
tative agreement but the quantitative fit is not very good. 
An attempt to fit the low-temperature conductivity data 
of some glasses with Mott's VRH (Refs. 15 and 25) gives 
unacceptably large values of the disorder energy Wj and 
wave-function decay constant a. 
Partial replacement of Ca by Li is found to increase the 
superconducting transition temperatures {T^) by 4-5 K in 
the corresponding glass ceramics (see Table II). Since the 
electrical conductivities of both 4:3:3:;' and Li-doped 
4:3(3—z):4 glasses behave similarly it appears that Li or 
another alkali metal acts as a flux in the glass matrix to 
lower the melting point of the glasses and finally to in-
crease the superconducting T^ by reducing the possibility 
of oxygen loss in the glass ceramics. Recent experimental 
results on alkali-metal doped superconducting ceramics^' 
indicate that Li gets some preferred position in the Cu 
sites in the three-dimensional lattice. Addition of Li has, 
however, little efTect on the overall micro-
structural behavior of the Li-doped 4:3:(3—z):4 glasses, 
which is also indicated from the similar nature of the 
temperature dependent electrical and other properties of 
4:3:3.;? and Li-doped 4:3:(3 —z):4 glasses. 
Finally, it would be worthwhile to point out that the 
theoretical discussion made in this paper could also be 
extended for explaining the conductivity of polymers and 
ionic conductors. 
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Concentration-dependent physical properties of Bi2Ca3Sr3Cu40x 
oxides glasses with z = 1-5 
S. MDLLA, K. BOSE, K. K. SOM, B. K. CHAUDHURI . 
Solid State Physics Department, Indian Association for the Cultivation of Science, Calcutta 7000 32, India 
The Bi4Ca3Sr3Cu40, or [4:3:3:4] glasses have re-
cently been well studied in their superconducting 
and glassy phases [1-8]. These glasses can be used as 
the precursor materials for making superconducting 
wires, films [6,7], etc. High-temperature supercon-
ducting oxide (HTTSO) materials obtained from 
these glasses are also found to be very dense as Avell 
as homogeneous [4]. Therefore, proper character-
izations of these glasses with different concentra-
tions of transition-metal (Cu) ions (viz. Bi^CasSrs-
CUyO,, hereafter referred to as [Y] glasses) as well 
as with different glass former oxide (viz. Bi2Ca3-
SrjCu^O,, hereafter referred to as [Z] glasses) 
would be highly interesting. From these studies one 
might also point out the differences in the physical 
properties of these and other similar transition-metal 
oxide glasses (TMO) which do not become super-
conductors in their glass-ceramic (GC) phases. 
Furthermore, it is well known that there is a 
possible influence of phase separation effects on the 
electrical properties of the semiconducting oxide 
glasses [9,10] which might also influence the appear-
ance of the HITSO phases in the glasses in this 
investigation. The density and the apparent molar 
volume (VJ) of oxygen were found to give important 
information about the phase separation and ho-
mogeneity of these glasses. 
Non-linear variations in density (p), glass-trans-
ition temperature (7,) , electrical conductivity (a), 
etc., with the corresponding variation of transition-
metal ion (TMI) concentrations in the [Y] glasses 
have already been reported [11]. In this letter we 
report the variation in p, T^ and room-temperature 
d.c. conductivities of the [Z] glasses for different 
BijOj concentrations. Attempts have also been 
made to calculate the VS of oxygen, knowing the 
densities and other parameters of the glasses. 
The general method of preparation of these 
glasses ([Y] and [Z]) was the same as discussed in 
[3,11]. The starting materials, viz. Bi203, CuO, 
CaCOj and SrC03 (each of purity 99.99% as 
procured from Merck, Aldrich and Sigma), in 
appropriate proportions (with y =2, 2.5, 3, 3.5, 4, 
4.5 and 5) were melted separately in crystalline 
alumina crucibles, all compositions at 1200 °C, for 
1 h each and were then quickly quenched at room 
temperature by pressing the melt between two 
polished copper blocks. Since the TMI concentra-
tions (Cu"* /^Cu*''') change [11] with glass-making 
temperature (TM) as well as with the duration for 
which the glass is kept inside the furnace (fp) we 
kept TM and tp fixed for all of the glasses. 
The X-ray diffractions patterns (Philips 
PW1050/51 coupled with a PW1130 generator) with 
CuKa radiation showed broad peaks between 
26 = 20-30° for all of the glasses, as shown in our 
earlier work [3,11,12]. The amorphous character of 
the glasses was also examined by scanning electron 
microscopy (Hitachi, model S-415A). The concen-
trations of the Cu^* ions were obtained from 
magnetic susceptibility measurements [12] and the 
total copper ions (assumed to be composed of Cu* 
and Cu^*), Cu„ present in the glasses was obtained 
by the atomic absorption spectroscopic technique as 
shown in Table I. The small paramagnetism of the 
[Y] and [Z] glasses is considered to be solely due to 
the presence of Cu^* ions in the glasses. 
liie room-temperature (300 K) magnetic suscep-
tibility Of) of the [Z] glasses as a function of the 
BiiOs concentration is shown in Fig. 1. A change of 
slope of the x-'^ curve around z = 4 is observed in 
this figure. The T^ of all these [Z] glasses were 
obtained from differential thermal analysis (Shi-
madzu DT-30) curves. The variation of Tg with 
Bi203 concentration (z) was found to be non-linear 
with a change of slope around z = 4 (Fig. 1). This 
non-linear behaviour was also reflected in other 
physical properties (density, mean molar volume of 
oxygen, d.c. conductivity, etc.) as discussed below. 
The densities of the glasses were measured by the 
Archimedes method, using a microbalance and 
carbon tetrachloride, with an accuracy of 
±0.02 gcm"^ The variation of densities of the [Z] 
glasses with Bi203\concentration as shown in Fig. 2 
is almost continuous below 20 mol % Bi203 and 
shows a non-linear behaviour between 20 and 
30 mol % Bi203. At around the same concentration 










C = Cu+/Cu, 
r.(zero)(K)' 
1200 1200 1200 1200 1200 1200 
46.80 52.30 56.85 60.60 63.72 68.70 
45,00 49.80 54.10 58,10 60.58 65.82 
0.71 0.75 0.74 0.73 0.78 0.76 
70 75 85 78 
'Obtained from chemical analysis and atomic absorption spectro-
scopy. Maximum error in the measurement was within ±5%. 
"•Measured by the four-probe method with GC samples. 
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Figure 1 (a) Variations of d.c. magnetic susceptibilities and (b) 
glass transition temperature (T,) of the Bi,Sr]Ca]Cu40, glasses 
with I at 300 K. 
of CuO the density of the [Y] glasses showed 
anomalous behaviour [11]. It appears that for both 
the [Y] and [Z] glasses the non-linearity starts 
around the glass composition Bi^ CasSrsCu^ Ojf 
[4:3:3:4]. This is the most stable glass composition in 
the two series ([Y] and [Z] glasses) which becomes a 
highly homogeneous superconductor with a sharp 
superconducting transition around T^  = 85 K 
[5.11.12]. 
It is often advantageous to express the relation-
ship between the density of an oxide glass and its 
composition in terms of the apparent molar volume 
(VJ) occupied by 1 g-atom oxygen. The values of VJ 
calculated [11,13] for the [Z] glasses are shown in 
Fig. 2 as a function of z. TTie variations of V* with 
concentration are also found to be non-linear 
(Fig. 2), indicating that the geometry and topology 
of the random network change with the concentra-
tion. This is also supported from the fact that the T^ 
of these glasses (with z = 3-5) m their GC phases 
change with z (see Table I). However, the main 
characteristic features and the semiconducting prop-
erties of these glasses with different values of z are 
found to be similar [3,11,12]. 
The observed variations of p with CuO [11] or 
BijOa in the [Y] and [Z] glasses appear to distinguish 
these glasses from many other TMO glasses [14-17] 
containing V^Os, FcjOj and CuO. To justify our 
argument we have plotted in Fig. 3 the variations in 
densities of some of these TMO glasses which do not 
become superconductors in their GC phases. The 
densities of thesee glasses appear to increase with 
the corresponding increase of TMI as shown in 
Fig. 3. 
As with p and T,, the values of the electrical 
conductivities (cr) or the [Y] glasses are also found to 
show non-linear variations with the Bi^Oj concen-
tration. The values of conductivities of these glasses 
Figure2 Variations of (a) density, (b) d.c. electrical conductivi-
ties and (c) mean molar volume oxygen (VJ) in the Bi,Sr3-
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80 
Figures Variations of densities of different TMO glasses (which 
do not become superconductors in their GC phases) with 
transition-metal ions [14-17]. 
as a function of z are also shown in Fig. 2. This 
maximum is also visualized from Fig. 2b around 
25-30 mor/oBijOj. 
Finally, it may be concluded that, unlike many 
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TMO glasses, some of the glasses of this c l ^ 7 
becoming superconductors in their GC phases, show 
some interesting non-linear variations in p, T,, 0, 
etc., when plotted as a function of TMI (as in [11]) 
or glass former oxide (such as Bi203) concentrations 
(as reported here). The densities of both the [/'] and 
[Y] glasses also change quite appreciably under heat 
treatment for several hours. Variations in densities 
of two such glasses, viz. [4:3:3:4] and [5:3:3:4], with 
different annealing time (at 300 and 800'C) are 
shown in Fig. 4. With the increase of annealing time 
and temperature the values of. the density of the 
glasses are increased. This is due to the large amount 
of oxygen intake by the system with thci appearance 
of the crystalline GC phases which ultimately be-
come HrisO materials. 
The non-linear variation of the VJ of oxygen with 
CuO or Bi203 concentration indicates a small 
change of slope. This again suggests either a 
composition dependent structural change or phase 
separation behaviour in these glasses. For higher 
concentrations of the [Y] glasses (y > 4) some phase 
separation effects have been observed by scaiming 
electron microscopy studies [10] which will be 
discussed elsewhere. 
From CuO-dependent infrared studies of the [Y] 
glasses [5,7,11] a change of [81203] octahethrd 
structural units to [BiOj] polyhedral structural units 
is also foimd with change of CuO concentration m 
the [Y] glasses. The anomalous variations of p, T,, 
V* and other physical properties of these [Y] and [Z] 
glasses with concentration might also be associated 
with such a change of octahedral to polyhedral 
structural units. This is in turn also related to the 
anomalous change in the cationic ratio Cu'^ '/Cu^ '^  m 
the glasses with change of CuO or Bi203 concentra-
tion. Such anomalous changes of ionic concentra-
tions have also been reported earlier in some 
vanadate glasses [18], It should be pomted out here 
that the melting temperature as well as the duration 
for which the melt is kept inside the furnace also 
affect the ratio of the copper cations. This might be 
taken into consideration to maintain the desired 
cationic ratio in the glass necessary for the appear-
ance of appropriate superconducting phase in the 
corresponding GC. It would be relevant to point out 
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I. 
Tliu(li) 
Figure 4 Variation of mean density of some sampler of (circles) 
Bi^CajSrjCu^O, and (squares) Bi5Ca,Sr3Cu40. glasses with 
different annealing lime at (O, D) 300 and ( • , • ) 800 'C. 
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Figwrt S BiijSrjCajCUjOx glass wires/fibres drawn by pulling the 
molten glass. 
instance, if prepared at two melting temperatures 
(say 1200 °C and 1300-1400 "C, respectively) one 
finds two types of glasses: a highly brittle phase 
(becoming a high-temperature superconductor in its 
ceramic phase as shown in Table I) and a very 
viscous phase (from the higher-temperature melting 
glass) which can be drawn into the forms of long 
wires from the melt as shown in Fig. 5. The wires 
thus prepared become conducting in their CO 
phases but they do not show zero resistance down to 
70 K within the hmit of the present low-temperature 
investigation. More-elaborate work characterizing 
these glasses would be interesting. 
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This chapter contains the reprints on superconducting materials. Structural and 
transport properties of Pb-Bi-Sr-Ca-Cu-0 (PbBiSCCO) superconductors containing 10, 
25 or 30 wt.% Ag or AgCu or Agin are included here. The thermoelectric power (TEP) of 
Bi4H»Pb„Sr3Ca3Cu40x (n = 0-1) and the reprints on YBa2Cu30x and (YBazCuaOx -Ag) 
superconductors are included here. The elBfect of hydrostatic pressure (?) up to 17 kbar on 
the superconducting transition temperature (Tc) of the intennetallic non-oxide perovskite 
superconductor MgCxNia (x = 1-1.5) and the magnetic field dependence of low 
temperature specific heat of spinel oxide superconductor LiTi204 are attached here. The 
OH-
book article Bi-based glass-ceramic superconductor and the review articles on MgCNis 
. A 
and N^Bz are also given here. The Topical Review on MgCNia in J. Phys.: Condens. 
Matter 16 (2004) R1237-R1276 has been widely accepted and downloaded for more than 
250 times within 27 days of firom its date of publicatioa This is done for top 10% of J. 
Phys.: Condeos. Matter articles as informed by the editor of this journal. 
Chin. J. Phys. 2005 (in press) \ JQ 
Transformation of high Tc superconducting phase in 
Biz-xPh^ SriCaiCua-yAyOg (A = K, Na ; x = 0.1-0.3 ; y = 0.1-0.3) to the 
ferroelectric phase by K and Na doping 
Soma MukherjeeS S Mollah^ H. D. Yang^, and B. K. Chaudhuri' 
^Department of Solid State Physics, Indian Association for the Cultivation of Science, Jadavpur, Kolkata-
700 032. India. 
^Department of Physics, National Sun Yat Sen University, Kaohsiung 804, Taiwan, ROC 
The Bi4.yPbySr3Ca3Cu405 fonns homogeneous glass which becomes superconductor aroimd To (~ 80 K) in 
the ceramic phase obtained by annealing the glass around 1113 K. Partial substitution of Cu by alkali metal 
like K and Na in this multicomponent glassy precursor for high Tc superconductor viz. Bi2-xPbxSr2Ca2Cu3. 
yAyOs (A = K, Na ; X = 0.1-0.3 ; y = 0.1-0.3) is found to destroy superconductivity of the corresponding 
annealed ceramic phase. The destruction of superconductivity is due to the appearance of nanocrystalUne 
phase in the Na and K doped glasses. Interestingly, this nanocrystal dispersed glasses show ferroelectric (FE) 
behavior with FE transition between 500 and 550 K (depending both on x and y concentration). 
Nanoparticles/clusters (~ 10-50 nm size) embedded in the glassy precursors in the alkali doped glass is 
confirmed fi'om the transmission electron micrographs. Both the as-quenched glasses (with and without the 
alkali metal A) show semiconducting behavior with non-adiabatic small polaron hopping mechanism, though 
their dielectric behavior is different. Present investigation indicates that superconducting behavior is 
si^ jpressed by the preciiHtation of ferroelectric nanoparUcles in the alkali metal doped glassy system. Though 
magnetism and siq)erconductivity might coexist, ferroelectricity and superconductivity caimot be observed in 
the same sample. 
PACSNo.: 61.43.Fs,61.46.-hv,77.80.-€ 
'Corresponding author: email: sspUa:@rediffinail.com 
L INTRODUCTION 
It is well known that Bi based transition metal oxide glasses like BLiSrsCasCaiOx, Bi2Sr2Ca2Cu30x, 
Bi4.yPbySr3Ca3Cu40x etc. (referred to as SG glass) are very good precursors for high Tc superconductors [1-
2]. These glasses become siqjerconductors (mostly 2223/2212 type) [1-4] by annealing them around 840''C 
for about 24h. It is a long-standing problem whether FE transition with spontaneous polarization is possible 
in pure homogeneous inorganic oxide glassy system. Lines [5] considered theoretically the possibility of 
FE phase in pure glass. But ferroelectricity has so &r not been observed in pure glassy system even though 
FE ordering has been observed in liquid crystalline medium [6] where some kind of molecular order is 
present. So the appearance of ferroelectricity in the homogeneous single-phase Bii gPbo 3Sr2Ca2Cu2 gKo 20s 
type glass (FG glass) reported by Bahgat et al [7] is not beyond question. 
In this p^per, microstructural, tranqx>rt and dielectric properties of the alkali metal glass have been 
studied and the r^ults have been compared with those of the corresponding alkali metal free SG glasses, 
which are good precursors for high Tc superconductor. The alkali metal containing glasses showing FE 
behavior are not homogeneous single-phase glass but they are all glass-nanociystal composites (GNC). 
Moreover, the annealed alkali metal doped glasses are not superconductors. 
n, EXPERMENTAL 
Bi2.xPbxSr2Ca2Cu3.yAyOj (A= K, Na; x = 0.0-0.3, y=0.1-0.3) glasses showing FE behavior are 
prepared by partially replacing Cu with K and Na in a typical Bi-based glassy precursor for high Tc 
superconductor (SG) viz. Bi2.xPbbcSr2Ca2Cu30y. The Bi2.xPbxSr2Ca2Cu2gKo205 type FG glasses, termed as 
PbOK2, PblK2, Pb2K2, respectively, for A=K; x = 0.0, 0.1, 0.2; Pb3K2 (FG) for 
Bii gPb03Sr2Ca2Cu2.8K0.2O5 and Pb0Na2, Pb2Na2 and Pb3Na3 for A=Na; x = 0.0, 0.2; y=0.2 and x=0.3, 
y=0.3 are prepared by a similar method as discussed in our earlier papers [1,4,8]. Differential thermal 
analysis (DTA) at a heating rate of 10 °C/min from room temperature to 900 °C was made to find the glass 
transition (Tg) and crystallization (Tx) temperatures. A small endothermic peak was also observed from the 
DTA curves varying between 500 and 530K depending on Pb concentrations (x = 0.1-0.3). The 
transmission electron micrographs of the said FG type glasses were obtained by Hitachi Model H600 with 
171 
fine glass powder on carbon grids. The conductivity and dielectric constant of the samples from 80-450K 
was measured similar to our earlier work [1,4,9]. The temperature was measured with a nanovoltmeter 
(Keithley 181) within an accuracy of 0.5K. 
m . RESULTS AND DISCUSSION 
X-ray diffraction (XRD) analysis using CuKa radiation confirmed the amorphous state of all the 
melt-quenched glasses. The values of the glass transition (Tg) and crystallization temperature (TJ of the FG 
glasses obtained from the DTA trace are shown in Table-I. Figure la shows the TEM micrograph of a 
typical ferroelectric glass (Pb3K2), which clearly indicates the presence of microcrystals/clusters (10-50 
nm size). The large cluster of a selected region of (a) is shown in Fig. lb. The TEM micrographs clearly 
indicate that these FG glasses are not pure single-phase homogeneous glasses. They are glass-
nanocomposites (GNC). These nanoparticles are considered to be responsible for the ferroelectric behavior 
of alkali metal containing glasses. 
Interestingly, the alkali metal fi"ee SG glass becomes superconductor [8] by annealing around 840 
°C. Figure 2a shows the thermal variation of resistivity of the annealed FG glass and Fig. 2b demonstrates 
the same for the annealed SG glass showing its superconducting nature. Therefore, presence of alkali 
metals and hence the appearance of ferroelectricity suppresses superconducting behavior of the aimealed 
FG glass sample. Like SG glasses, the high temperature conductivity data of both the FG and SG glasses 
can be well fitted with small polaron hopping model [10] viz. 
<^ = ^pH 




where symbols have their usual meanings [1,8]. The values of C for all the glasses were estimated from the 
room temperature magnetic susceptibility and density data (Table -I). The activation energy W arises fix)m 
the electron-lattice interaction and/or the static disorder. Figure 3a shows the plot of log a<jc versus T"' for 
various compositions of Fb and a fixed composition of K and similar curves were also obtained for the Na 
doped glasses. Bi-based precursor glasses (SG) studied earlier [1,8] shown in Fig. 3b also shows similar 
behavior. Figure 3c shows the thermal variation of conductivity for a typical Na doped glass (Ft)3Na3). The 
values of W of FG ^ pe glasses are, however, comparable to those of other SG glasses like Bi4Sr3Ca3Cu40x, 
(Bi4.xPbOSr3Ca3(Cu4.yAy)Q( (A = CT, Mn, Fe) [1,8,11]. It is also noted that both concentrations and average 
particle/cluster sizes of the FW)K2, FblK2, Pb2K2 glasses are smaller than those of the Fb3K2 (or FG) 
glass. A phase separation seems to occur around this particular concentration (Pb3K2) of the FG glasses 
showing lower value of conductivity with larger grain/cluster size (~50 nm average grain/cluster size). The 
values of Debye temperature 6b, estimated fix)m Fig. 3a (from the point where the change of slope 
occurred) are little less (Table-I) than those of other binary or ternary transition metal oxide (TMO) or SG 
glassy precursors [1,8]. All the parameters fitting the high temperature (T>^2) conductivity data (Fig. 3a) 
with Eq. 1 are shown in Table-I. 
Using Holstein's condition [12] it has been foimd that the FG glasses follow the non-adiabatic 
small polaron hopping conduction mechanism similar to that of the SG glasses. The hoiking distance, R, 
and polaron radius !„ (estimated from the equation [13,14] r„ -
\ 2 
\( ^y" n shown Table-I) of the FG 
6N, 
glasses are also comparable to those of other Bi-based SG glasses mentioned above [1-4,11] and satisfies 
the condition [IS] (rp < R) required for the small polaron hopping conduction mechanism. 
Dielectric constant of the Bi-based glassy precursor for high Tc superconductors (SG glasses) did 
not show any ferroelectricity [1-4]. Figure 4a shows the variation of the dielectric constant of a typical FG 
glass Pb3K2 as a fimction of temperature for different frequencies 0.1, 0.12, 1.0, 10, 100 kHz. The 
appearance of small broad peak in the (e'-T) curve (Fig. 5a) around 600K along with the large peak for 
every fiequency indicates the presence of the relaxation mode in the glass. Figure 4b shows the same for 
the FblK2 glass. Figure 4c shows the thermal variation of dielectric constant for a typical Na doped glass 
Pb3Na3. The s (real part of dielectric constant) values of the K-doped glasses are little larger than those of 
the Na-doped glasses as well as the Bi-based multicomponent SG glasses [1-4]. This is due to the presence 
of large number of nanociystalline phases in the K-doped glasses with higher dielectric constants (lower 
conductivity). The dielectric constant data of the FG glass follow the Curie-Weiss relation, e = C/(T-To), 
where C is the Curie Constant. To is the extrapolated intersection of the high temperature part of the plot 
with the temperature axis as shown in Fig 5a with two different frequencies. Similar ferroelectric behavior 
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was observed with the other K and Na doped samples of different concentrations (not shown here). The 
observed transition temperature To = 466K is close to the value 470 K observed by Bahgat et al [7] for 
similar sample. The order of the transition is identified by finding the ratio of the slopes 5(l/e')/5T (in 
Fig.5a) below and above Tcf. The value of this ratio (= -2.63) indicates that the transition is of first order 
type, which is also confirmed fix)m the value of To, (< Curie temperature Tct). Interestingly, for any of the 
alkali metal fi^ superconducting precursor glasses (SG glasses) becoming superconductor by anneaUng, 
the plot of 1/s' vs. T shown in Fig. 5b for a typical SG glass Bi3 9PboiSr3Ca3Cu40x does not at all match 
with that of FG glass showing ferroelectric behavior (Fig. 5a). Detailed analysis of the dielectric properties 
of other SG glasses without showing FE behavior has already been made earlier [1,4]. 
IV. CONCLUSION 
In conclusion (i) the glassy precursors for high Tc superconductors (SG glasses) show ferroelectric 
behavior when Cu is partially substituted by alkali metal like K or Na. (ii) These K or Na containing FG 
glasses showing ferroelectric transition are glass nanocrystal composite rather than single phase 
homogeneous glass, (iii) Ferroelectricity in these glasses is due to the presence of ferroelectric 
nanocrystalline particles/clusters embedded in the glass matrix, (iv) Superconducting behavior is 
supi»iessed by allrali metal (like K or Na) doping in the Cu site in the annealed FG glasses, which modifies 
the network structure of SG gflass. (v) Ferroelectricty in pure single-phase glass has not yet been observed. 
This suggest that coexistence of ferroelectricity and superconductivity in the same material is yet to be 
explored 
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Table-I Some parameters for the Bi2.xPb»Sr2Ca2Cu2 gKo 20s (x = 0.0,0.1,0.2), Bi, gPbo 3Sr2Ca2Cu2 gKo lOs 
(Pb3K2) and Bi2.xPbicSr2Ca2Cu3.yNay05 (x = 0.0,0.2,0.3; y = 0.2,0.3) FG glasses. Tg, T ,^ density, and Go are 
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a) indicates the parameters obtained fix)m the Mott's Eq. 1. 
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FIGURE CAPTIONS 
Fig. 1. Transmission Electron Micrographs (TEM) for (a) the as quenched Bii gPbo 3Sr2Ca2Cu2 gKo 2O5 glass 
and (b) large cluster of the selected region of (a). 
Fig. 2. Thermal variation of the resistivity of (a) annealed Bii gPbo 3Sr2Ca2Cu2 sKo 2O6 (FG glass) which is a 
nonsuperconductor and (b) Bis 9Pbo iSr3Ca3Cu40x (SG glass) showing superconducting behavior. 
Fig. 3. (a) Variation of log ajc vs. 1000/T for (a) Bi2.xPbxSr2Ca2Cu2 gKo 2OS (b) Bis gPbo iSrsCasCaiQ, (SG 
glass) and (c) Bii 7Pt3b3Sr2Ca2Cu2 vNaosOs glasses. The solid lines are the best fit with Eq. 1. 
Fig. 4. Temperature variation of dielectric constant e' for FG glasses (a) BiigPbo3Sr2Ca2Cu2gKo208 
(Pb3K2) (b) Bi, 9PboiSr2Ca2Cu2gKo208 (PblK2) and (c) Bi, 7Pbo3Sr2Ca2Cu2-,Nao308 (Pb3Na3) for 
different frequencies. 
Rg. 5. Plot of 1/e' vs. T for (a) Bii gPbo3Sr2Ca2Cu2gKo206 (FG glass) glass showing FE transition and (b) 
Bis gPbo iSr3Ca3Cu40x (SG glass) showing no FE transition. 
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Abstract 
The present review article discusses the physics of the non-oxide perovskite 
superconductor MgCNi3 on the basis of theoretical and expenmental results 
available on the material up to July 2004. It was discovered following on from 
the breakthrough of the finding of the MgBj superconductor at the beginning of 
2001, which has subsequently been intensively studied; however, less attention 
has been paid to it due to its much lower superconducting transition temperature, 
Tc (~8 K), as compared to that of MgB2 (7; ~ 39 K) But it has many 
interesting properties which need to be focused on to obtain an understanding 
of Its complicated physics. Energy band calculations show that the density 
of states (DOS) at the Fermi level, N(EF), is dominated by Ni d states and 
there is a von Hove singulanty m the DOS just below Ep (<50-120 meV) It 
is surprising that the conduction electrons in it are derived from partially filled 
Ni d states, which typically lead to ferromagnetism in metallic Ni and many 
Ni-based binary alloys. MgC^Nis has a simple cubic perovskite structure with 
space group Pm3m and the lattice parameter a is ~3.812 A for x ~ 0 97 at 
ambient temperature and pressure. However, the Ni6(06) octahedron is locally 
distorted from those expected in the perfect cubic Pm3m form The carbon 
atom of MgCNi3 at the body centre is surrounded by six Ni atoms at the face 
centred positions and eight Mg atoms at the cube corners The carriers in it are 
of electron type m the normal state, although theoretically they were predicted 
to be of hole type. Tc increases with increase of-c in MgC_fNi3, but generally 
decreases with Ni site doping with Co, Fe, Mn, Cu etc Theoretically, the 
DOS peak should be greatly reduced by doping at the Mg or Ni site, which 
accounts for the reduced Tc The Tc is found to increase with increase of the 
external pressure (P) at a rate of dTc/dP ~ 0.0155 K kbar"', which is the 
same as that for the intermetallic RN12B2C (R = rare earth) superconductors 
but about one order lower than that for MgBj. The TdP) result focuses 
our attention on the feature that N(Ep) should increase with pressure due to 
the broadening of the energy level Also, a controversial magnetoresistance 
0953-8984/04/431237+40$30 00 © 2004 lOP Publishing Ltd Pnnted in the UK R1237 
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is reported. It has been observed that the electronic contribution is slightly 
higher than the lattice one in the normal state thermal conductivity. Specific 
heat and tunnelling spectroscopic studies indicate that this is an s-wave BCS-
type weak/moderate coupling type-II superconductor, but this needs further 
confirmation as the penetration depth distinctly exhibits a non-s-wave BCS low 
temperature behaviour which theoretically suggests a d-wave superconductor. 
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Since the discovery of the new intermetallic non-oxide perovskite superconductor MgCNij 
by Hs et al [I], following on from that of MgB2 [2], extensive experimental [3-48] and 
theoretical [47-69] studies have been carried out on it. It has a perovskite structure [1] like 
that of CaTiOs with equivalence of Ca to Mg, Ti to C and O to Ni. Its structure is also 
like that of the 30 K non-cuprate oxide cubic superconductor [1] Bai-^KjEiOa. The high 
proportion of Ni in this compound suggests that magnetic interactions may play a dominant 
role in explaijations of its superconductivity. In fact, the density of states (DOS) in the vicinity 
of the Fermi level is dominated by the Ni d states [49-54], though it is not large enough to induce 
magnetic instability [51] but is associated with the superconducting properties [53]. Ni K-edge 
x-ray absorption measurements [16] reveal that the Ni6(06) octahedra are locally distorted 
from those expected for the perfect cubic Pm7>m form and electronic states in the vicinity 
of the Fermi level are mostly derived from the Ni d states and are degenerate. Experimental 
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investigation and theoretical computation reveal that there is a von Hove singularity (vHs) 
of the DOS just below Ep (<50-120 meV) [15, 54]. These bands are very narrow as 
they cannot disperse about the many points of high symmetry in the simple cubic Brillouin 
zone [50]. The degeneracy in the structure can be lifted by small perturbations such as electron-
phonon (e-ph) interactions and lowering of the symmetry from cubic through Peierls-type 
transitions. The "C NMR investigation on this material [3] suggests that the electronic 
states reach modestly mass enhanced Fermi-liquid-like states prior to the superconducting 
transition. Evident structural inhomogeneity was detected by Li et al [7], with the appearance 
of regular superconducting domains of average size ~4 nm. The temperature dependence 
of the structural parameters revealed by neutron diffraction study shows that there are no 
unusual changes in these [5] near Ti. The covalent character of the Ni-C bond implies that 
although most of the amplitude of the electron wavefunction resides on the Ni d, there might 
be spatial distribution of charge and spin governed by the Ni-C hybridization and Coulomb 
and c-ph interactions [70]. Lattice distortion associated with charge density waves (CDW) 
and long range antiferromagnetic (AF) ordering consistent with spin density waves (SDW) are 
not revealed in MgCNij [1, 5]. Single-phase perovskite structure in MgC^Nis is found [12] 
only in a narrow range of carbon content (0.88 < x < 1.0). The doping of the Ni site with 
Cu and Co decreases Tc significantly [6, 10]. Rosner et al [54] have suggested that MgCNi3 
is near a ferromagnetic instability that can be reached by hole doping on the Mg site (if 12% 
Mg is replaced by Na or Li, i.e., 0.04 hole/Ni) and the effective carriers are Ni-derived holes 
of very high band mass although the Hall coefficient and thermoelectric power data show 
that the carriers in this superconductor are electrons [4, 7]. Shein et al [53] have shown 
theoretically the deterioration of the superconducting characteristics of MgCNij that occurs 
upon hole doping in MgC|_^Ni3 compositions. No magnetic solution is found for MgCNi2Co 
and MgCNiCo2 [56]. This indicates that the hole doping does not produce a magnetic instability 
which could be responsible for pair breaking [56]. The decline of the superconductivity upon 
electron doping (MgCNi3_j,CUx) is due to the filling of antibonding states and a sharp drop 
in DOS at the Fermi level, N{Ef) [53]. Thus there are many interesting properties of this 
non-oxide perovskite superconductor. The present review discusses the synthesis of MgCNij 
along with its electronic, magnetic, thermal, mechanical and optical properties in the light of 
experimental findings and theoretical computations. 
2. Synthesis of MgCNij 
2.1. PolycrystalUne bulk 
MgC^Nij samples with x = 0.9-1.5 were prepared by He e/ a/ [ 1 ] using as raw materials Mg 
flakes, fine Ni powder and glassy spherical carbon powdei. The starting materials were properly 
mixed and pressed into pellets. The pellets were placed incoJa foil, put in an alumina boat and 
fired in a quartz tube fimiace in a mixed gas (95% Ar and 5% H2) environment. The samples 
were heat treated at 600'C for 1/2 h and this was followed by treatment for 1 h at 900 °C. 
Then these were cooled, ground, pressed and heated at 900 "C for one more hour. Owing to the 
volatility of Mg, 20% excess of its stoichiometric ratio was added to the initial mixture. The 
preparation procedures of other groups are almost the same as that of He e/ a/ [1], as shown 
in table 1. Although most of the groups used Mg flakes, Ni powder and glassy C powder as 
raw materials with the final heat treatment temperature as 900 °C and Ta foil for wrapping or 
positioning the sample, there is a lot of variation as regards the starting mixture of raw materials, 
the final heat treatment time and the annealing environment (table 1). For example, Li et al 
[4,7] prepared a sample with nominal formula Mg1.2C1.4Ni3 in a stainless steel reactor under 
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Table 1. Summary of difTerent recipes for the synthesis of Mg^C^Nia superconductor. Mg flolces, 
Ni powder and glassy C powder are used as the starting raw materials. Only the final heat treatment 
time, temperature arul environment are shown. Ta foil was used by different groups either to wrap 
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an AT atmosphere in a glove box. A heat treatment like that of He ct a/ [1] in a tube furnace 
under Ar resulted in dense samples of length 7 mm and width 2 mm. Lin e/ a/ [ 13] started with 
the appropriate stoichiometric ratio, but added 20% excess of Mg over its stoichiometric ratio 
and the final pellets were annealed at 900 °C for 3 h in an evacuated quartz tube. The nominal 
composition of MgCi.45Ni3 was sintered at 900 °C for 8 h in flowing argon [19]. Kim etal[\ 5] 
mixed powder with the nominal composition Mgi.2Ci.45Ni3. This was heated at 900°C for 
2 h and quenched. Afterwards, they [15] put the sample in a high pressure cell and annealed 
it under a pressure of 3 GPa at 900 "C for 1/2 h to get a dense sample for photoemission 
spectroscopy (PES) and x-ray absorption spectroscopy (XAS) studies. Bulk alloy samples 
of MgjfCyNia (1.0 < J: < 1.3,0.7 < y < 1.55) were prepared by Li et al [8] using the 
conventional method [1]. Despite the fact that most of the groups used the final annealing 
temperature of 900 °C (table 1), there are some reports of synthesis with a temperature of 
SSO-IOOO'C [28, 47]. Non-superconducting a-MgC^^Nis and superconducting /S-MgCj^ Nis 
phases are found in the MgCjfNis system for J: < l.Oandx > 1.0 [28] respectively, depending 
on the annealing temperature. Non-superconducting a-MgC^Nis with J: < 1.0 was prepared 
at a temperature lower than 965 °C. However, superconducting /S-MgC^Nij exists for x > 1.0, 
prepared at a temperature of 900-985 "C, and for x < 1.0, prepared at a temperature higher 
than 965"C. MgC^^ Nis (;c = 0.5-1.55) and Mg^^C^Nij {x = 0.75-1.55, y = 0.85, l.O 
and 1.45) systems were synthesized in an evacuated quartz tube placed in a box furnace and 
heated to the designed temperature (850-1000 °C) for 4-30 h; this was followed by furnace 
cooling to room temperature [28, 47]. In addition to being obtained by the conventional 
method [1], MgCNij was synthesized from the Mg, Ni and graphite powders by mechanical 
alloying (MA), in which the preliminary condition for the formation of MgCNi3 was the 
advance formation of MgaNi [25]. Mg,C;,Ni3 was prepared in two steps [26]; no evidence of 
Mg loss due to volatilization or of unreacted C was found at the end of the preparation. A new 
and feasible way to prepare MgCNis under ambient conditions by ball milling (BM) Mg, Ni 
powder and paraffin or graphite was presented by Ouyang et al [44]. It was found that paraffin 
was partially dissociated during ball milling, which resulted in free carbon and hydrogen 
being incorporated within the Mg-Ni alloy powder in increasing amounts with increasing 
milling time. Recently, formation of transition metal boride and carbide perovskites related 
to superconducting MgCNij in the ternary systems AXM3 (A = Mg, Ca, Sc, Y, Lu, Zr, Nb; 
X = B; M = Ni, Ru, Rh, Pd, Pt) was reported by Schaak et al [27]. 
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Table 2. Summary of different recipes for the preparation of MgjjC^Nis-jMj (M = doping 
element) superconductor from Mg flakes, Ni powder, glassy C powder and M metallic powder. 
The final heat treatment temperature was 900°C for all cases except those of [ 10) and 133). Ta foil 
was used by different groups either to wrap the sample or to place the sample on. 
Time Excess Excess Max. 
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* Final heat treatment time and atmosphere. 
" The final heat treatment temperature is 950 °C. 
2.2. Chemical doping in MgCNi^ polycrystalline bulk 
Chemical doping and diffusion of metallic particles in MgCNi3 have been reported by several 
groups [6, 10,18,21, 33, 34, 36-38,41]. The recipes for the syntheses by some groups are 
summarized in table 2. Most of the groups doped at the Ni site. However, the effect of doping 
at the Mg site is also studied [38, 41]. The preparation technique is over all conventional 
types [1]. Excess Mg and C in initial mixtures are found to be favourable for obtaining 
single-phase samples (table 2). Mg,Cj,Ni3_tMj iz = 0.05-0.30 and M = Fe, Co) were 
prepared [18] following the procedure of He et at [1] using the starting materials Mg, Ni, 
Fe, Co and amorphous carbon. Mg and C were taken with respectively 20% and 50% excess 
to get the required stoichiometry in the finaj sample. The final heat treatment atmosphere 
was also a little different (tables 1 and 2) to that of He et al [1]. Mg,CyNi3..zMj (M = Cu, 
z = 0.03-0.09; M = Co, z = 0.03-0.75) samples were synthesized by Hay ward etal [6] using 
the initial stoichiometry of Mg|.2Ci.5Ni3_jjM;t. Ren etal [10] prepared Co doped (z = 0-3.0) 
samples in vacuum at a higher temperature (950 °C). Mn doped samples with x = 1.2, y = 1.5 
and z = 0-0.5 (table 2) were synthesized at a slightly higher temperature with a higher heat 
treatment time in Ar [33]. Complete and partial replacement of Mg by Zn was carried out and 
ZnCNis and (Mgo.gjZno.i5)CNi3 were prepared from the nominal compositions Zn1.2C1.3Ni3 
and (MgZn)i.2Ci.3Ni3, respectively, under a high purity Ar atmosphere [38,41]. The pellets 
were reacted for 1 h at 900 °C, rapidly quenched to room temperature, then treated again for 
2 h at 1000 "C. Excess Zn and C were used to compensate for the Zn evaporation during the 
reaction and to ensure full C incorporation, respectively. Ag diffused MgCNij was synthesized 
by Liu et al[2\] using stoichiometric MgCNi j pellets and a highly pure thin piece of Ag. These 
were wrapped in a Ta foil, sealed in a quartz tube, sintered at 900 "C for 2 h and cooled down 
to room temperature. 
2.3. Thin film 
So far, there has been only one report on the preparation of MgCNi3 as a thin film [20]. 
The metastable intermetallic CNis precursor films were deposited onto sapphire substrates by 
electron beam evaporation of CNis targets. High purity graphite and nickel were used as the 
buttons, with initial composition CNi3.2j, to avoid the loss of Ni during the melting process. 
The films were grown with a typical growth rate ~0.1 nm s~' in a vacuum of 2 /xTorr at room 
temperature and were handled in air. The adherent and pristine CNi3 films were subsequently 
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Figure 1. The powder neutron 
diffraction pattern at ambient temper-
ature for MgC|.25Ni3; the inset shows 
the crystal structure of MgCNij (1). 
exposed to Mg vapour at 700 "C by sealing in a quartz tube in vacuum with 0.1 g of Mg metal. 
The entire quartz tube was rapidly quenched after heating for 20 min leading to the MgCNij 
thin film formation. 
It should be noted that although polycrystalline MgCNi3 has been extensively studied in 
the form of bulk or thin film, it has not yet been investigated in the form of single crystal or 
wires/tapes. Thus there is immense scope for research focusing on the changes of properties 
(if any) in the above-mentioned form compared to those of the polycrystalline bulk and thin 
films. 
3. The spectroscopic characterization and structure of MgCNi3 
This intermetallic MgCNi3 superconductor is found to possess the classical cubic perovskite 
structure with the space group PmZm and the lattice constant a ~ 3.81221 A at 
295 K [1, 5, 14, 21, 29]. Its neutron diffraction pattern and the atomic positions of the unit 
cell are shown in figure 1. From neutron diffraction study, it is found [1,5] that the formula 
for the superconducting phase is MgCo.96Ni3 for the nominal composition MgCi.25Ni3. This 
is due to the small amount of urureacted graphite found in the sample [1, 5]. The C site 
occupancy is also found to be 0.960(8), by Ren et al [10]. The positions of the atoms are: 
Mg la (0,0,0); C lb (0.5,0.5,0.5); Ni 3c (0,0.5,0.5), respectively with temperature factors 
0.90(3), 0.54(4) and 0.75(1) A^ [1,5]. Figure 2 shows the x-ray diffraction (XRD) spectrum 
of MgCNi3 with unreacted Ni peaks. Mg^ ^C^Nis (1.0 < J: < 1.3,1.0 < > < 1.55) samples 
reveal evident structural inhomogeneity [8]. Regular domains, with an average size as small 
as ~4 nm, appear commonly in the superconducting phase [8]. This structural phenomenon 
is qualitatively explained in terms of the perovskite cubic structure of MgCNij, modulated 
locally by the variable stoichiometry on the C sites. The presence of the local C deficiency 
can be a dominant factor affecting the crystal structure and superconductivity. Single-phase 
perovskite structure is found only in a narrow range of carbon content, 0.88 < x < 1.0, in 
MgC,Ni3 [12]. The introduction of carbon vacancies has significant effects on the positions 
of the Ni atoms. No evidence for long range magnetic ordering is observed by means of 
neutron diffraction for carbon stoichiometries within the perovskite phase stability range [12]. 
No homogeneous region with changeable content of Mg exists in Mg^C^Nis {x = 0.75-1.55 
and y = 0.85-1.45) systems [28], The electronic structure of MgCi_xNi3 obtained by x-ray 
photoemission spectroscopy (XPS) and x-ray absorption spectroscopy (XAS) shows that the 
overall band structure is in reasonable agreement with band structure calculations, including 
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Figure 2. The x-ray diff'ractiOn 
pattern of pristine MgCNi3. The lines 
marked with an asterisk correspond to ' 
unreacted Ni [18]. 
the existence of a von Hove singularity (vHs) near Ep [15]. However, the sharp vHs peak 
predicted theoretically near Ep [54] is substantially suppressed. As for the Ni core level 
and absorption spectrum, there exist satellites of Ni 2p which have a slightly larger energy 
separation and reduced intensity compared to the case for Ni metal [15]. These facts indicate 
that correlation effects among Ni d electrons may be important for understanding various 
physical properties. The onset of local distortions can be closely related to the removal of the 
degeneracy in the electronic states dominated by the Ni d bands [16]. The validity of the band 
structure calculations is confirmed by x-ray emission (C Ko, Ni L2,3 and Co L2,3) and x-ray 
photoelectron spectra [56]. 
In the MgCi.«Ni3_^C0;t system [lO], the lattice parameter decreases slightly with 
increasing x (figure 3). Thus, Shein et al [56] have used the same lattice parameter for all Co 
doped MgCNi3 compounds because the changes in the lattice parameter from MgCi.AsNij to 
MgCi.43Co3 are found to be negligible [10]. Kumary etal [18] also find no significant changes 
of lattice parameter upon partial replacement of Ni with Fe or Co. It should be noted that 
in situ high pressure energy dispersive x-ray diffraction has also revealed that the structure 
of MgCNij is stable under a pressure of ~22 GPa [30]. Therefore, the chemical and the 
external pressure have the same effect on the lattice parameter [10, 15, 18, 30]. It decreases 
by only about 1% with Ag diffusion [21]. The XRD spectrum of Ag-MgCNij also exhibits 
a series of Ag crystal peaks [21] corresponding to the known cubic structure with the lattice 
parameter 4.1065 A. The XRD results show that a small amount of Ag is substituted at Ni 
sites, and much of the Ag is in vacancy sites of the Ag diffused MgCNi3 [21]. Actually, the 
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3.0 Figure 3. Lattice parameter ver-
sus X for the nominal composition 
MgC,.45Ni3.^C0^ [10]. 
Ag is mostly located at the grain boundaries. The volume fraction of Ag on the surface of the 
samples is estimated at about 7.7% from XRD studies [21]. Raman spectroscopy reveals that 
Ag-MgCNi3 has a special Raman peak at around 842.1 cm"' compared to that of C [21]. The 
surface properties of Ag-MgCNij have been studied using Raman scattering spectra and x-ray 
photoemission spectra (XPS) [21]. The coexistence of metal magnesium and magnesium oxide 
in the surface areas of Ag-MgCNi3 is consistent with the results obtained from transmission 
electron microscopic (TEM) analysis. 
Huang et al [5] report the structural parameters of superconducting MgC^Nis {x = 0.96, 
Tc = 7.3 K) as a function of temperature, from 2-295 K, as determined by neutron powder 
diffraction profile refinement. It is established that the compound has the perovskite structure 
over the whole temperature range and no structural or long range magnetic ordering transitions 
are observed [5]. There are no unusual changes of the structural parameters near % [5]. This is 
also confirmed by the Ni K-edge x-ray absorption fine structure (EXAFS) over the temperature 
range of 3-300 K, which exhibits no anomaly near Tc ~ 7 K [16]. However, the symmetry 
of Nie octahedra below the temperature T* ~ 70 K is lower than cubic Pm2m [16]. Both 
the uniform spin susceptibility and the spin fluctuations show a strong enhancement with 
decreasing temperature and saturate below ~S0 and 20 K, respectively, as observed from 
'^C nuclear magnetic resonance (NMR) characterization [3]. The lattice parameter a and the 
Debye-Waller factors for the individual atoms decrease smoothly with decreasing temperature. 
The lattice parameter ar at any temperature T can be fitted with [5] 
ar =ao + aT + fiT^, (1) 
whereao = 3.8066is the valueofa at T = 0 K; a (=3.7985 x lO"') andyS (=5.3493 x 10"*) 
are the polynomial coefficients. The thermal expansion of the model parameter cannot be 
fitted, unlike that for MgB2 superconductor, with a model where the behaviour is dominated 
by a single phonon energy [52], which is expected as the strongly bonded network of light 
atoms (B) present in MgB2 is absent in MgCNi3. Thus there is the trend of decreasing lattice 
parameter with decrease of the temperature and increase of the Co doping [5,10] although the 
effect of Co doping is negligible. 
4. Electrical properties 
4.1. The critical temperature (7"c) 
The critical temperature (Tc) of a superconductor is determined as the average of the onset 
and end point temperatures. The upper part of figure 4 shows the temperature variation 
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Figure 4. The temperature (7") variation of the resistivity (p) and the thermoelectric power (S) for 
sample A (MgCNia) at ambient pressure. The inset shows the resistivity (p) for the three MgC^ Nij 
samples with x = 1.0 (A), jr = 1.25 (B) and jt = 1.5 (C) near T^ [17]. 
of the resistivity for MgC^Nis samples for ;c = 1 (A), 1.25 (B) and 1.5 (C). He et al [I] 
observe Tc from resistivity measurements for a sample with nominal composition MgCisNia 
as 8.4 K with the onset temperature as 8.5 K and a 90%-10% transition width at 0.1 K. The 
7"c onset of the same sample is found from magnetization measurements as 7.4 K, whereas 
that from specific heat (C) studies is 6.1 K. Differences among the values of Tc derived from 
resistivity, magnetization and specific heat measurements are also found by several other 
groups [4, 7, 13, 17]. Different values of Tc being obtained by different techniques is also 
a well known fact for other intermetallic and oxide superconductors; they mainly depend on 
the sample homogeneity and transition width. Young et al [20] report on the Tc of MgCNij 
thin films with thickness 7.5-60 nm (figure 5). Films thicker than ~40 nm have Ti ~ 8 K, 
which is comparable to that of polycrystalline bulk samples. Ti decreases with decrease of 
the film thickness as shown in figure 5, becoming the minimum for the film with thickness 
7.5 nm [20]. It should be mentioned that Artini el al [31] observe double superconductive 
transitions, with one ~10 K higher than that (~8 K) reported by others [1,4,7,13,17] and a 
second one at ~6 K. In the following, the internal (chemical) and external pressure effects on 
the Tc of MgCNij have been discussed. 
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Figure 5. The temperature depen-
dence of the resistivity for MgCNij 
films with different thiclcnesses. The 
cur\es correspond from ieft to right to 
MgCNi3 layer thickneucs of 7.5, 15, 
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4.1.1. The internal pressure (chemical doping) effect. The 7"c of MgC_jNi3 is sensitive to the 
carbon content as shown in table 3. The 7c varies from 6.4 to 8.4 K depending on the value of 
X (table 3). MgCj^ Nis (jc = 1.0-1,5) samples reveal an increase of Tc [17] with increase of jc 
(figure 4). The highest Tc corresponds to J: ~ 1,45-1.5 and decreases with further increase of 
X [I, 10, II, 17, 19, 48]. The Tc is found to decrease systematically with decreasing carbon 
concentration [12] from the stoichiometric value. It is concluded from theoretical calculations 
that the absence of superconductivity for non-stoichiometric compositions MgC|__jNi3 is due 
to the transition of the system to the magnetic state [53]. Excess of Mg and C in the initial 
material mixture is favourable for improving Tc and for obtaining single-phase samples [1,10]. 
The Tc of MgC, 45_jjBxNi3 decreases with increase of JT up to 0.10 and then it becomes non-
superconducting for;c = 0.15-0.20 [10]. The Tc of Ag-MgCNi, (~6.6 K) is lower than that 
of pure MgCNi3 [21]. The complete replacement of Mg by Zn in ZnCNij causes it to become 
paramagnetic without the onset of superconductivity down to ~2 K [38]. 
Doping at the Ni site with Co, Fe, Mn, Cu etc also causes a decrease of Tc (table 2)—except 
the initial increase with Fe doping [18]. Calculation of the expected electronic DOS suggests 
that electron (Cu) and hole (Co) doping should have different effects on Tc [6]. However, 
the Tc of MgCNi3_jCuj decreases systematically from 7 to 6 K for z = 0.1 [6]. It is also 
observed by other groups that both electron (Cu) and hole (Co, Fe and Mn) doping quench the 
superconductivity of MgCNi2T (T = Co, Fe, Mn and Cu) [36,37]. Consequently, comparing 
with the hole (Co) doping, we see that there is not much difference between Cu and Co doping, 
which is opposite to what observed by Hay ward etal [6]. As the metallic doping at the Ni site 
finally leads to ndn-superconducting phases, the maximum Tc of Mg^C^Nis.jM^ (M = metal) 
for lower metallic doping concentrations (z) is shown in table 2. The Tc of MgCi.AsNij.^Coj 
decreases gradually with increasing z [10]. A small superconducting transition is observed for 
the sample with z = 1.5, which indicates that the superconducting volume fraction decreases 
upon substitution of Co for Ni. This is inconsistent with the finding of [6], where z above 0.03 
completely suppresses the superconductivity. Kumary ei ai [18] also monitored the decrease 
of Tc with increase of the Co content. No magnetic solution was found for MgCNiaCo and 
MgCNiCoj [56]. This indicates that the hole doping does not produce the magnetic instability 
which could be responsible for pair breaking [56]. Again, no long range magnetic ordering is 










































































































































































* The symbols arc explained in the text. 
accompanied by a reduction of the DOS at the Fermi level, which seems to be responsible for 
the reduced superconductivity in the MgCNis.jCOj system [56]. An increase followed by a 
decrease of T^ is observed if Ni is replaced by Fe [18]. The maximum 7"c is found by monitoring 
when the Fe concentration is 0.05. The authors of [18] argue that the spin fluctuation effect 
would be less for Fe substituted compounds as compared to that for Co substituted ones for low 
concentration of doping. The detected variation of T^ is explained in terms of the competition 
between an increase in Ti due to increase in the DOS and a decrease in spin fluctuation [18]. 
Conversely, Alzamora et al [34] find that the Fe doping in MgC(Ni|_^Fex)3 (0 ^ ;c ^ 1.0) 
quickly reduces Ti, completely destroying the superconducting state for x ~ 0.04. It is 
confirmed that Co and Fe dopants in MgCNi3 behave as a source of d band holes [36,37] and 
the suppression of superconductivity occurs faster for the Fe doped compared to the Co doped 
case, which is in contrast to the finding ofKumaryetal [18]. So the above discussion suggests 
that doped Co and Fe do not act as magnetic impurities in MgCNij. On the contrary, the rapid 
loss of superconductivity for Co replacement of Ni is argued to be consistent with magnetic 
quenching of the superconductivity [6]. It is also suggested that Co is a very strong magnetic 
impurity rather than a source of hole doping [6], which is opposite to the observation of other 
groups [6,18,36,37,53,56]. Again, the establishment of an ordered magnetic state is observed 
for Fe concentration (z ^ 0.3) far above the concentration for which the superconducting state 
has completely disappeared [34]. In addition. Das and Kremer [33] observe a rapid suppression 
of the superconductivity (—21 K/at.% Mn) in Mn substituted MgCNij. Doping with only 
0.3 at.% of Mn completely destroys the superconductivity in MgCNis.jMnj via pair breaking 
effects due to moment formation for Mn [33]. This is consistent with the observation of Ren 
et aZ [10] who find that the suppression effect is smaller for Co than for Mn, when replacing 
Ni. Thus the doping effect needs further investigation to settle the controversies. 
4.1.2. The external pressure effect. High pressure (P) plays an important role as regards the 
7"c of the intermetallic superconductors [71-77]. The P can change the electronic structure, 
phonon frequencies and electron-phonon coupling, affecting the Tc- Isofropic pressure will 
not affect too much the electronic structure but anisotropic compression will cause large 
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Table 4. The superconducting tnmsilion temperature 7c (determined rroin the niid-poiiu of the 
resistive transition for MgCj,Ni3) at ambient pressure, dTc/dP and d In Tc/dP for some metallic 



























































* Below the pressure of 17 kbar. 
'' Above the pressure of 17 kbar. 
pressure induced changes due to the change of bonding strength in different crystallographic 
directions [71]. Yang et a/ [ 17] have measured the hydrostatic pressure dependent ac magnetic 
susceptibility (XK) of MgC^Nis using the piston-cylinder self-clamped technique [78]. The 
hydrostatic pressure environment around the sample is generated inside a Teflon cell with 3M 
Fluroinert FC-77 as the pressure-transmitting medium [17]. The pressure is determined by 
using a Sn manometer situated near the sample in the same Teflon cell [17]. On the other hand, 
a high pressure resistance measurement has been carried out [18] for pristine MgCNij using 
a pressure locked, opposed Bridgman anvil apparatus [79] using the four-probe method. A 
superconducting Pb manometer is used for the pressure calibration [18]. 
An initial decrease in 7; of MgCNij with dTJdP 1.0 x 10"^ K icbar"-' up to a 
pressure of ~ 17 kbar (table 4) followed by an increase is observed on application of external 
pressure, from resistivity measurements [18]. The decrease in Tc for small applied pressures 
is explained in terms of the decrease in the DOS at the Fermi level. The subsequent increase 
in Tc with pressure is argued to be due to a lattice softening or a structural phase transition, 
consistent with the band structure calculations. It is conjectured that suppression of spin 
fluctuations by pressure may also be responsible for the observed increase in Tc at higher 
pressures [18]. However, Yang et a/ [17] observe an increase of Tc with pressure from ac 
susceptibility measurements on three MgC^Nia (for x = 1.0, 1.25 and 1.5) samples, which 
is in contradiction to the low pressure result of Kumary et al [18]. The temperature variation 
of the ac magnetic susceptibility (XM) for different MgC_,Ni3 samples under pressure (0-17 
kbar) is shown in figure 6. The Tc (mid-point) for the sample with ;c = 1.0 (sample A) 
increases from 6.56 to 6.79 K with increase of the pressure from ambient to 14.80 kbar, 
as illustrated in figure 7, at the rate of dTc/dP ~ 0.015 Kkbar"'. A similar trend of 
the pressure effect on Tc for other samples [17] is also observed (table 4). This rate is 
slightly higher than that (~0.0075 Kkbar"') observed by Kumary et al [18] at pressures 
above 17 kbar. To give a clear idea of the pressure effect on 7^  for other intermetallic and 
metallic superconductors such as MgB2, LuNi2B2C, Ta and V [71-77, 80-82], some of the 
results are listed in table 4. Yang et al [17] explain the increase of Tc with pressure as 
follows. 
The change of Tc with the unit cell volume (V) can be given by [71,75] 
(V/TcXdTc/dV) = dlnTc/dlnV = -(B/Tc)(dTc/dP), (2) 
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Figure 6. The variation of the ac magnetic suscepUbilily (XK)orMgC,Ni3 samples with A = 1.0 
(A), 1.25 (B) and 1.5 (C) near Tc at various pressures (,P) [17]. 
where B is the bulk modulus of the superconductor. Using the calculated value of B 
for MgC^Nis, 1510 kbar [18], and taking the dTi/dP and 7; obtained from table 4, the 
din Ti/dln V values were found from equation (2); they vary from -3.18 to -2.58. These 
values are of the same order of magnitude for MgBj superconductor (-i4.16), but with the 
opposite sign [71]. 
Since the DOS is sufficiently large in MgC^Nis to produce strong electron-phonon 
coupling [51] and is supported by the thermoelectric power (S) data, the Tc can be expressed 
by the McMillan formula [80] as 
Tc = (Wl-45) exp{-1.04(1 -I-A.)/[A. - /x*(l +0.62X)]}, (3) 
where /x* is the Coulomb pseudopotential and ^D is the Debye temperature, k is the electron-
phonon coupling constant and is given by 
k = NiEp)(I^)/M[<o^), (4) 
where N(.Ep) is the DOS at the Fermi level, (/^) is the square averaged electroriic matrix 
element for electron-phonon interaction, M is the ionic mass and {co^) is the square averaged 
phonon frequency. It appears from equation (3) that the change of X and OQ caused by 
pressure will determine the sign of dTc/dP. It is well established that the pressure induces 
lattice stiffening and generally reduces the 7^  [75, 76]. However, the DOS effect can either 
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P(kbar) 
Figure 7. The pressure (P) depen-
dence of the superconducting tran-
sition temperature (Ti) of MgC^Nij 
samples with jr = 1.0 (A), 1.25 (B) 
and 1.5(C) [17]. 
enhance or reduce the Tg by, respectively, increasing or decreasing N(Ep) on application of 
pressure [75,76]. The dependence of Tc on 0D is complicated as it appears both in the linear 
and in the exponent (being connected with (o;^ ) in equation (4)) terms of equation (3). Again, 
the change of exponent A. in equation (3) will be more effective than that of the linear term 
9o in determining Tc. Therefore, the positive dTc/dP for MgC^^ Nis possibly originates from 
the increase of N(Ep) and consequently the enhancement of the electron-phonon coupling 
constant X (equations (4)) if n* and (/^) are less pressure dependent [17]. In addition, the 
P causes not only a shifting of the Ep but also a broadening of the energy bands. This 
broadening of the energy bands may also increase the N{Ep). The computation of some 
important parameters such as d In N(,Efi)/dP and d In (o/dP of MgC_,Ni3 may be useful for 
quantitative analysis of the pressure dependent Tc data. 
Yang et al [17] have also argued that the reduction of spin fluctuation with P may also 
be one of the reasons for the positive pressure effect on the Tc of MgC j^Nis. Generally, 
the deficiency of carbon compared with the optimum value decreases the Tc [I, 8]. Non-
stoichiometry of carbon (if any) may also affect the energy bands of the sample and alter the 
position of £ F compared to that expected from theoretical energy band calculations [49-54] 
for stoichiometric MgCNis. As the dTc/dP is not changed much with cirbon content, this 
suggests that the carbon deficiency does not significantly affect the pressure effect on Tc of 
MgC^Nij [ 17]. The controversial results of Yang ef a/ [ 17] as compared with those of Kumary 
et al [18] may be due to the reduction of grain boundary effects caused by pressure. Yang 
et a/ [17] claim that once the pressure applied is high enough (~17 kbar) to overcome the 
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Figure 9. The field dependence of the 
resistivity of MgCi.gNi} measured at 
several fixed temperatures [48]. 
grain boundary effect, the bulk superconductivity dominates and the positive dTi/dP is found 
the same as the observation of Kumaiy et a/ [18] using resistivity measurements. It should 
be mentioned that the effect of irradiation pressure on T^ is just opposite to that of hydraulic 
pressure [17, 3^ 2]. It has been found that the Tc of MgCNi3 decreases from 6.5 to 2.9 K 
upon disorderin)g induced by irradiation from a nuclear reactor and is completely restored after 
annealing at a temperature of 600°C [32]. 
5. Magnetic properties 
5.7. Critical fields (Hex and Hci) 
The upper critical field //c2(0) of MgCNij is determined both from the specific heat (C) and 
from the resistivity {p) data [ 1,4,7,9,11-14,20,23,47,48,83]. The results derived from p are 
nearly identical to those determined from the anomaly in C. Figure 8 shows the temperature 
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Table S. Comparison between MgCNi3, Nbo.sTio.j and Nb. The parameters of MgCNi3 are 
































variation of p in different magnetic fields (//) up to 14 T [4]. The magnetic field dependence 
of the resistivity of MgCi.eNis measured at several temperatures is illustrated in figure 9 [48]. 
The Tc decreases with increase of the magnetic field and finally becomes non-superconducting 
(figures 8 and 9). A magnetic field of 8 T leads to about 50% suppression of Ti and a complete 
suppression takes place at 14 T [4,14]. The width AH = H90 - Wio. with //% and H\o being 
respectively the field values where 90% and 10% of the normal state resistivity is observed, 
remains constant at ~0.6 T down to low temperature (figure 9). This indicates that MgCNij 
has a small anisotropy in Hd, as the strongly anisotropic superconductor shows a gradual 
broadening of the superconducting transition with decrease of the temperature [48]. The slopes 
(d//c2/d7")r, derived from the linear fits of both the C and the p data for 0.8 ^ (,T/Tc) < 1 
are very close to each other [14]. The values of {dHc2/dT)T, are found as 2.96 ± 0.08 and 
2.88±0.03TK"' respectively from C and p measurements [13,14]. Neglecting the spin-orbit 
interaction and the spin paramagnetic term in MgCNis, the relation 
Hc2(0) « 0.69Tc(dHc2/dT)T, (5) 
leads to//c2(0) ~ 13,2±0.7T[14]. Similarly,//c2(0) = 14.8 T is estimated from equation (5) 
by Mao et al [9]. As the spin-orbit and the spin paramagnetic effect are not taken into account, 
the value of ^02(0) is significantly overestimated [13]. It is found that the physical properties 
of MgCNij [ 13] are very similar to those of Nbo.sTio.s (table 5). Thus Lin etal[l3] conclude 
that the two compounds may have similar relations between /fc2(0) and (dHc2/dT)T^. Again, 
Hc2(.0) w 0.597'c(dWc2/d7')r, for NicsTics [13]. Following this relation, it is found that 
Hc2(0) = 11.2 ± 0.6 T for MgCNlj [13]. The values of Hc2(.0) obtained by different groups 
vary from 11 to 16 T (table 3). The Hc2 versus T curve of MgCNis is shown in figure 10 [4]. 
Downward curvature in figure 10 indicates the conventional superconductivity in MgCNis. It is 
contended [16,48] that MgCNi3 ''as a Werthamer-Helfand-Hohenberg-like [84] temperature 
dependence of Hc2{T) and follows the quadratic relationship 
Wc2(0) = 0.0237(1 + X)"7',V(10^ x i;^), (6) 
with Up as the bare Fermi velocity, which points to an effective predominant single-band 
behaviour near the quasi-clean limit [85]. It is also found that the value of //c2(0) is the same as 
that obtained from the Werthamer-Helfand-Hohenberg formula [84] if the spin paramagnetic 
effect and the spin-orbit interaction are taken into account by utilizing the relation Y{H) a H 
and the valueof d)//d// [13,14] as discussed later. It is observed that the critical field behaviour 
of 60 nm thin film [20] is comparable to that of sintered MgCNij powders. Films thicker than 
~40 nm have an upper critical field H^ ~ 13 T, which is comparable to that of polycrystalline 
bulks [16,20,48]. 
The Pauli limiting field //p(0) = 1.84 x lO'^ Tc is expected within the weak coupling 
BCS theory [86]. The H^iO) [9] obtained from Werthamer-Helfand-Hohenberg theory [84] 
190 
Topical Review R1253 
T(K) 
Figure 10. The upper critical fieid He2 of MgCNis as a function of temperature. The upper inset 
shows the temperature dependence of the sample resistivity at zero magnetic field. The lower inset 
shows (he magnetic field dependence of the resistance at a temperature of 2.3 K [4]. 
is higher than Wp(0), suggesting that pair breaking effects due to the Zeeman energy in 
MgCNis are slight. For type-II superconductors, Hf{0) should satisfy the relation [87] 
Hc2(0) < Hp(0). Taking Tc = 6.4-8 K (table 3), Wp(0) is estimated as ~ l 1.7-14.72 T. Thus 
i/p(0) for MgCNij is of the order of its f^ c2(0) (table 3), indicating type-II superconductivity. 
The thermodynamic critical field Hc[0) ~ 0.18-0.6 T, Ginzburg-London (GL) coherence 
length ?GL(0) ~ 45-56 A, penetration depth XGL(O) ~ 1800-2480 A and lower critical field 
Wci(0) ~ 10-12.6 mT (table 3) are generally estimated from the following relations [88, 89]: 
H,(0)=4.23yJi^nO<i, (7) 
5GL(0) = {<i>o/[2nHa(OW^ A, (8) 
XOL(0) = 6.42 X lO'ip^/Tcy/^ A. (9) 
WC,(0) = /fc(0)(2'/2K)-' In^ Oe. (10) 
where the fluxon <I>o w 2.0678 x 10' Oe A^ and K(0) i=Xot(0)/^QL(0)] ~ 43.3-66. All 
the parameters obtained for MgCNij, |GL(0), XGL(O) and /c-(O). al.so sati.sfy the condiiions for 
type-II superconductivity [89]. 
5.2. The critical current density (Jc) 
Figure 11 (a) shows the critical current density (^c) of MgCLsNia [ 11 ] at different temperatures 
(1.8-6.5 K). Assuming that the current flows through the entire sample, Cooley et al [11] 
calculate that J^ = 3 AM/d., taking the applied magnetic field perpendicular to the thin 
square prism, where AAf is the full width of the magnetization and d is the width of the 
sample. The calculation shows that Jc ~ lO^-W A cm~^ at 4.2 K. Taking into consideration 
the presence of carbon in grain colonies, inferred from microstructural analysis [11], the 
modified Jc (=16AAf/37ra), with the critical state of a sphere of diameter 2a = 10 fim. 
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Figure 11. (a) The critical current density (Jc) at 
1.8-6.5 K, assuming that magnetization current 
loops flow around grain colonies with diameter 
10 ^m. (b) The bulk pinning force (Ff) at 1.8 
and 4.2 K derived from the Jc(.H) data using a 
scaling length of 10 nm colony size [II]. 
gives a very high J^ ~ 1.8 x 10' Acm~^ at 1 T and 4.2 K. Again the pinning force, 
Fp(,H) = (IQH X Jc(H, T), derived from J^ is significantly higher for the latter assumption 
(figure 11(b)). The peak value is found as 23.5 GN m"-* at 4.2 K, which is greater than that 
of the Nb-48% 11 superconductor with the higher irreversibility field at 4.2 K [90]. Cooley 
etal [II] argue that the Ginzburg-Landau (GL) parameter, K{0) = 66, of MgCNi3 (table 3) 
suggests that the pinning force per flux line c^ x ^o ~ 2 x 10"^ N m~' is about 10% of the 
flux line tension yLaH^jn^aWix^ ~ 1.5 x 10"* N m"', taking <pQ = 2y. 10"'^ Wb as the flux 
quantum. This strong pinning is within the single-vortex pinning regime where it plastically 
deforms the flux line lattice [11]. The high value of Fp at 1.8 K (figure 11 (b)) suggests core 
pinning in MgCNi3 [11]. The low field pinning characteristic can be exceeded by incorporating 
nanoprecipitates in MgCNij [35]. However, too many precipitates within the grain boundaries 
can block uniform current flow between grains. The bulk pinning force Ff{H) is comparable to 
that of other strong flux pinning superconductors, such as Nb-N, Nb-Ti and NbsSn, all of which 
have higher critical temperatures [11]. While Ff{H) indicates the expected grain boundary 
pinning mechanism just below Tc ~ 7.2 K, a systematic change to a core pinning mechanism 
is indicated by a shift of the Fr{H) curve peak to higher (reduced) field with decreasing 
temperature. The lack of temperature scaling of Ff{H) suggests the presence of pinning sites 
at a nanometre scale inside the grains, smaller than the diameter of the fluxon cores 2^GL{T) at 
high temperature, which become effective when the coherence length ^ouiT) approaches the 
nanostructural scale with decreasing temperature. It is concluded that no other fine grained bulk 
intermetallic superconductor exhibits a similar change from grain boundary to core pinning 
with decreasing temperature, suggesting that the arrangement of pinning sites in MgCNij is 
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unique [11]. These results also indicate that strong flux pinning might be combined with a 
technologically useful upper critical field if variants of MgCNij with higher % can be found. 
5.3. The normal state magnetoresistance (MR) 
Normal state magnetoresistance (MR) is an important tool for getting further insight into the 
charge transport mechanism, since it is more sensitive to the change in the charge carrier 
scattering rate 1/T, the effective mass m* and the geometry of the Fermi surface. The MR is 
given by Ap/po = [p(//) — Po]/Po where p{H) and po are respectively the resistivities with 
and without a magnetic field H. Since the charge carrier scattering rate, 1/r, is proportional 
to Po. the MR depends only on H/po. Kohler's rule for conventional superconductors is given 
by [91] 
MR = Ap/po = /(Wr) = F(///po) , (11) 
where / and F are universal functions. In the low field limit, Ap(r) = A{H/po)^ as MR 
quadratically depends on H, where i4 is a constant. The resistance of MgCNi3 increases with 
magnetic field (figure 12) showing a positive magnetoresistance [7]. It is also comparable to 
that of a normal metal [91]. However, the MR of MgCNi3 is much smaller than that for the 
borocarbide superconductors [7]. It is found that the normal state transverse MR of MgCNi3 is 
always positive and monotonically decreases with increasing temperature (figure 12). The data 
above 50 K follow Kohler's rule, although those below 50 K do not. This electronic crossover 
at 50 K is also observed in NMR data [3], which may be associated with this deviation of MR 
from Kohler's rule below 50 K. Here it should be mentioned that Das and Kremer [33] observe 
a negative MR at 2 K and followed by a ~H^ dependence for MgCNi2.97Mno.03 samples. The 
authors of [33] argue that the negative MR is from partial alignment of impurity spins reducing 
the spin flip scattering. They [33] also show a correlation between MR and M^ indicating the 
Kondo effect [92]. This can be described by the relation 
AR = R{H, T) - R(,0, T) = [3rc'^mcVJ^M^]/[Efe^h] (12) 
where m and e are respectively the charge and mass of an electron, V is the atomic volume, 
J is the s-d exchange constant, c is the atomic concentration of impurities, Ep is the Fermi 
energy, h is Planck's constant and M is the magnetization in /ia/atom. A^ versus M^ indeed 
satisfies the above relation (equation (12)) for MgCNi2.97Mno.03 samples [33]. 
5.4. The Hall effect 
Hall effect measurements are used to get a direct idea of the type of the carriers (namely 
electrons or holes) in a material. They can also give the number of carriers per unit volume 
(n). The Hall coefficient (RH) of MgCNi3 at a magnetic field of 10 T is almost constant up 
to a temperature of 140 K (figure 13) and beyond that the magnitude decreases with increase 
of the temperature [4]. The inset of figure 13 shows the increase of the Hall voltage {VH) 
measured at 100 K with increase of the magnetic field in the opposite direction. RH of MgCNi3 
is negative for the whole temperature range, which definitely indicates that the carriers in 
MgCNij are of electron type, as supported by the thermoelectric power data [7, 17, 39]. At 
T = lOOK, RH = -6.1 x 10~'° m^ C"' and the carrier density (n) was 1.0 x 10^ ^ cm-^ 
which is corpparable with the theoretically calculated [50] value (1.3x10^ cm"-*) and that for 
perovskite (Ba, K)Bi03, but less than that for the metallic binary MgBj. However, the value of 
n for MgCNi3 thin film [20] is found to be 4.2 x 10^ ^ cm~^ (table 3) which is about four times 
higher than that of the bulk sample [4] although the superconducting properties of bulk and thin 
film samples are almost the same. Again the RH depends on temperature, which is not observed 
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Figure 12. The magnetoresistance of MgCNi] as a function of the magnetic field at various 
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Figure 13. The temperanue variation of the Hall coefficient (/?H) measured at a magnetic field of 
lOT. The inset shows the Hall voltage measured at 100 K for two opposite directions of the applied 
field up to 10 T [4]. 
for conventional superconductors. Moreover, it is temperature independent between T^ and 
140 K, Above 140 K, the magnitude of /?H decreases with increase of the temperature [39]. 
The temperature variation of/?H is also observed in non-cuprateBai_jK;t03 and copper-based 
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Figure 14. The temperature vanation of the thermal conductivity of MgCNi} The dashed curves 
represent the electromc contribution k^ and the lattice contribution k\ The inset shows the change 
ofsIopeatTc = 8K[71 
superconductors [93,94]. The thermal dependence of /?H m MgCNi3 may be explained as due 
to magnetic excitations of the electrons supplied by Ni d states [49-54]. But interestingly the 
non-cuprate Baj.^KxOs has the same temperature behaviour [93] of Ry^, which needs further 
investigation. 
6. Thermal properties 
6.1. The thermal conductivity (k) 
The temperature variation of the thermal conductivity (k) of MgCNi3 (figure 14) shows that it 
IS nearly constant above 210 K [7]. It is of the order of that for intermetallics, larger than that 
of borocarbides [95] and smaller than that of MgBj [96]. A change of slope in the thermal 
variation of k is observed at Tc (figure 14). The total thermal conductivity k = ke+k\ where k^ 
and ki are respectively the electronic and lattice contributions m k. The electronic contnbution 
can be obtained from the Wedemann-Franz law [97] 
kciT) = LoT/p{T) (13) 
where Lo is the Lorentz number, p is the resistivity and T is the absolute temperature Then the 
lattice contribution is achieved from the total thermal conductivity. The electrons contribute a 
large fraction to the thermal conductivity in the normal state because of the non-localization of 
the mutual effect of electrons [61]. Analysis of the electronic thermal conductivity indicates 
that the scattering by impurities prevails in the electronic thermal resistance It has been 
observed [7] that the electronic contribution is slightly higher than the lattice contnbution in 
the normal state (figure 14). It has also been found from thermal conductivity that the scattering 
of electrons by static imperfections of the crystal becomes dominant near 7^  [7] However, 
the spin fluctuations are increased with decrease of the temperature [3] and the scattenng of 
electrons with spin fluctuations decreases the thermal conductivity at low temperatures 
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6.2. The thermoelectric power (TEP) 
Thelowerpartof figure4shows the thermoelectric power(S)of the MgC_jNi3 sample [17] with 
X = 1.0 (sample A). The temperature dependence of S is negative, confirming the carriers to 
be of electron type, which is consistent with other published results [4,7,39] and inconsistent 
with the theoretical predictions [50]. The absolute value of S(275 K) ~ 9.5-14 /xV K~' for 
this sample decreases with decreasing temperature and is a characteristic of metallic transport 
in the normal state [7, 17]. The magnitude of S at room temperature (RT) is higher than 
that associated with free electron or conventional metals but of the same order as that for 
RNi2B2C (R = rare earth) superconductors [7]. There are generally diffusion and phonon 
drag contributions to S. The former contribution is proportional to temperature (T) while 
the latter one falls both at low and high temperature, respectively due to the freezing out 
of the phonons and phonon-phonon scattering. No phonon drag peak is observed in 5 of 
MgCNi3 from room temperature down to 10 K [7]. A different type of contribution to S is 
found compared to the borocarbidecase; it may be due to the three-dimensional (3D) and non-
layered nature of MgCNi3. Li et al [7] observe a nonlinear temperature dependence of S below 
150 K, which is explained by the electron-phonon interaction renormalization effects. The 
nonlinear temperature dependence of 5 [7, 39] seems to suggest that the enhancement of the 
electron-phonon interaction plays an important role in the superconductivity of MgCNi3 like 
in the chevrel phase compounds [98] Cui.gMoeSg.ySe^ and Cui.gMoeSg.^Tey. An electronic 
crossover occurs at about 50 K, resulting in the abnormal behaviour of S below 50 K [39]. 
The electron-phonon interaction renormalization effect may show a low temperature 
'knee' in 5(7) and may be written as [98] 
5/7' = (Sb/r)[H-A.(7')] (14) 
where X.(J) is the electron-phonon mass enhancement parameter which is maximum at 
7" = 0 but becomes very small near room temperature [7] and Sy, is the bare S without 
any renormalization effect. Li et al [7] observe a change of curvature in the 5/ T versus T 
curve near 50 K, as is also observed by Singer et al [3] from NMR investigation, which may be 
associated with the electronic crossover at 50 K prior to the superconducting transition. Li et al 
[7] estimate the value of X(0) horn Sdata as ~1.4, which is much higher than that (~0.66-0.84; 
table 3) calculated from low temperature specific heat (C) data [ 1,9,13,38,47,48] (discussed 
later). This suggests that there may be a mechanism other than the electron-phonon interaction 
for the mass enhancement. MgCNis has a strong spin fluctuations [3,13] which may be lessened 
with decreasing temperature. The larger value of X(0) obtained from S data compared to that 
obtained from C data may be arising from spin fluctuations. Thus the modified S is of the 
form 
SlT = {Sy,IT){\ + KT) + Ki\ (15) 
where ka is the mass enhancement parameter due to spin fluctuations. The Xsf term can explain 
the discrepancy between the values of X(0) obtained from S and C data [1,3,7, 13]. 
6.3. The specific heat (C) 
The specific heat (C), a thermodynamic bulk property, unlike resistivity and magnetization, 
of MgCNij has been intensively studied by several groups [1, 13, 24, 38, 48]. Figure 15 
shows the low temperature specific heat C(J, H) of MgCNij with // = 0 and 8 T as C/T 
versus T^ [13]. The superconducting anomaly observed by Lin et al [13] at // = 0 is much 
sharper than that observed by He c/ a/ [1], indicating the high quality of the sample of the 
former group. The C data are discussed on a qualitative level in terms of effective single- and 
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7 (^K') too 
Figure IS. C(T,H)/T 
versus T^ forMgCNij for 
« = 0-8T[l31. 
multi-band models [24,48] based on an orbital assignment of the disjoint Fermi surface sheets 
(FSS) derived from LDA fuU-potential electronic structure calculations. It is noted that C/T 
shows an upturn at very low temperatures [1, 13] and disappears in high field, which is a 
demonstration of a paramagnetic contribution such as a Schottky anomaly. The normal state 
specific heat, CaiT) = YaT + Ci,nice(^). was extracted from H = 8 T data by Lin et al [13] 
between 4 and 10 K using 
C(T, H = ST) = YJ + ClatticeCr) +nCschottty(g flH/ksT), (16) 
where the third term is a two-level Schottky anomaly. Ci»njee(r) = ^T^ + ST^ represents 
the phonon contribution and YnT, the electronic contribution with y„ as the coefficient 
of the electronic specific heat in the normal state. It was found by several groups that 
Ya = 9.8-11.2 mJ K"^ (mol Ni)"' (table 3). The value of YB increases with increasing Mn 
concentration in MgCNi3_jMnj samples [33]. This observation indicates that the reduction in 
Tc with addition of Mn is due to the pair breaking interaction, which is of magnetic origin and 
not electronic [33]. This value of Ya, with the electron-phonon coupling constant k discussed 
below, requires a higher band N(EF) than most of those reported from calculations [49-
51,54-57]. It is found that for MgC^Nis, the )/„ of the superconducting sample (J: ~ l)inthe 
normal state is twice than that of the sample in the non-superconducting state {x ~ 0.85) [47]. 
Comparison of the measured y„ and the calculated electronic DOS shows that the effective 
mass renormalization changes remarkably as the carbon concentration alters. The Debye 
temperature (OD) derived from the relation 
P = 1.944 X 10^ xn/el, (17) 
where n is the numberof atoms per formula unit and takes the value 5 for MgCNi3, varies from 
206 to 351 K (table 3) and is much lower than that (450 K) of Ni. These values are also lower 
than the calculated ^D ~ 440 K of MgCNi3 obtained by using the Rietveld refinement method 
based on the powder XRD data [29]. However, these are close to that estimated by considering 
the softening of the Ni lattice [51], which can enhance the electron-phonon interaction. The 
concentration of paramagnetic centres can be estimated to be of the order of 10"-', consistent 
with that assessed from the magnitude of the low temperature upturn. With a dominant content 
of Ni in this compound, this number is understandable and the paramagnetic contribution is 
indeed observed in the magnetization measurements, too [23]. 
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The characteristics of the superconducting phase transition in MgCNij can be analysed 
using the relation 
AC(7') = C ( r , / / = 0 T ) - C „ ( r ) . (18) 
The resultant AC(T)/ T versus T aiH =Ois shown in figure 16(a), where the inset illustrates 
the conservation of entropy 5 = f^' y- dT around the transition. This conservation of entropy 
is essential for a second-order (such as the superconducting-normal) phase transition. It is 
worth noting that AC(T)/T for MgCNij is qualitatively different from that of Sr2Ru04, 
which is considered as a p-wave superconductor [99]. By the conservation of entropy around 
the transition, the dimensionless specific heat jump at 7c is AC/y„Tc = 1.7-2.1 (table 3), as 
shown in figure 16(b) [13], which is greater than the typical weak coupling value (~1.43). Thus 
A C ( r ) / r is well fitted by the BCS model, as shown in figure 16(a) by the solid curve [13] 
with 2A/k^Tc ~ 4.0, where A is the superconducting energy gap. The values of lA/k^T^ 
observed by different groups vary from 3.75-5.0 (table 3). This is higher than the weak 
coupling value (~3.52). Consequently, the superconductivity in MgCNij can be explained by 
the moderate coupling BCS framework. 
The electronic specific heat in the superconducting state is given by Ces(T) = C{T) — 
CutuceCr). A logarithmic plot of Ca{T)/YxJc versus TJT (figure 17) shows that the fitting 
of data (as demonstrated by the solid line) within the range 2 to 4.5 K leads to [13] the relation 
C„(.T)/y„Tc = A exp[(-arc/r)], (19) 
with A = 7.96 and a = 1.46. However, the BCS theory predicts CcsiT)/y„Tc = 
8.5 X exp[(—1.44rc/r)] for this temperature fitting range in the weak coupling limit [80]. 
Therefore, the values of both the coefficient and the prefactor are in the ranges for typical 
moderate coupling BCS fully gapped superconductors. Lin et al [13] argue that since the 
magnetic contribution will make Ca overestimated at low temperatures, the value of 1.46 in 
the exponent is probably slightly underestimated. This is in contrast to the case for MgB2 [ 100], 
for which C^ oc exp(—CSSTi/r). This small coefficient in the exponent for MgBi is usually 
attributed to a multi-gap order parameter. 
The electron-phonon coupling constant X ~ 0.66-0.84 (table 3) is estimated from the 
relation [101] 
AC/y„re = 1.43 + 0.942X^ - 0.195X\ (20) 
According to McMillan model [80], the value of A. for weak coupling is A. <SC 1. for weak and 
intermediate coupling A. < 1 and for strong coupling X > 1. Therefore, the present X values 
suggest that MgCNij is a moderate coupling superconductor. 
The field dependences of C(r, H)/T and SC(T, H) {=C{T, H) - Ca(T))/T are shown 
in figures 18(a) and (b), respectively. It is noticed that the conservation of entropy (the 
areas above and below zero of C/H are equivalent around the superconducting transition) 
is fundamentally satisfied for all fields studied. y(//) is expected to be proportional to H 
for a gapped superconductor [102]. For nodal superconductivity, the relation between yiH) 
and H is expected to be yiH) (x H^^ [103]. Actually, y{H) for high temperature cuprate 
superconductors has been intensively studied in this context [103, 104]. Lin et al [13] find 
that y{H) follows a straight line passing through the origin, which suggests that 6y a / / . At 
r = 2 K, the magnetic contribution is not so significant as that at 0.6 K; thus [105, 106] 
Ces(7',//) « C e . ( r . / / = 0) + y(/f)r . (21) 
This approximation neglects the temperature dependence of A. However, since A varies slowly 
below Tc/2, information on y{H) can still be deduced in this way consistently, as we will see 
from dy/dH. &C/T data for all fields are shown as the solid circles (figure 18). As seen in 
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Figure 16. (a) i^C(T)/T venus T. The data are presented as the solid circles. The solid curve is 
the BCS 6.C{T)/T with 2A/*7'c = 4. The deviation at low temperatures from the solid curve is 
due to the magnetic contribution of a small amount of paramagnetic centres in the sample. Inset: 
the entropy diETerence t.S obtained by integration of LCiD/T according to the data above 3 K 
and the solid curve below 3 K. (b) The dashed lines are determined from the conservation of entropy 
around the anomaly, to estimate AC/Tc at T^ 113]. 
figure 18(b), all high field data can be well described by the straight line, indicating again a linear 
//dependence of y [13]. Databelow// = IT begin to deviate from the linear behaviour due to 
flux line interactions at low H, as nicely demonstrated in [106]. The straight line passes through 
the origin in figure 18(a), which implies that the flux line interactions are relatively insigni ficant 
compared to the core contribution at very low temperatures. This trend is also observed in [ 106]. 
Theslopesd>//d//infiguresl8(a)and(b)are2.91±0.05and3.15±0.08mJmol-' K-^T"' , 
respectively. These two close values derived from different methods suggest that the relation 
5y oc // is genuine [13]. On the other hand, one n\ay try to fit the data in figure 18(b) with 
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Figure 17. Ca for MgCNis in 
the superconducting state is plotted 
on a logarithmic scale versus Tc/T. 
The straight line is the lit from 2-
4.5 K [13]. 
&YiH) a H^l^. The results are represented by the dashed curve in figure 18(b). Apparently, 
the data cannot be well described in this manner, in contrast to the nice SyiH) oc H^^^ relation 
found for cuprates [107, 108]. In principle, it is possible to obtain y{H) in low fields by 
subtracting the paramagnetic contribution Cm (r , H)fromC{T, H). There have been attempts 
to obtain y(.H) by taking 0^(1, H) in the form of a Schottky anomaly [13, 22]. It is found 
that the derived y (/f) can differ depending on the details of the fitting. This implies that the 
Schottky anomaly cannot totally account for the magnetic contribution at 'ow temperatures. 
The results are fascinating but inconclusive [13, 22]. Consequently, the field dependence of 
y(,H) suggests that MgCNi3 is an s-wave superconductor in nature. 
7. Mechanical properties 
The mechanical relaxation properties of MgCj.^Nia with JC = 0 (superconducting) and 0.2 
(non-superconducting) were measured by Yao et al [40]. The internal friction (2) and 
modulus {Y) of the mechanical relaxation spectra were measured for rectangular bars in 
the clamped-free flexural vibration mode using frequency^ modulation acoustic attenuation 
(FMAA-I) equipment [40]. The schematic set-up of the equipment is shown in the inset of 
figure 19. The mechanical relaxation spectra of a superconducting MgCNij sample show 
two internal friction peaks (at 300 K labelled as PI and 125 K, as P2) as shown in figure 19, 
whereas for the non-superconducting one, the position of PI shifts to 250 K, while P2 is almost 
completely depressed [40]. Thus the peak P2 may be thermally activated. It is found from the 
Arrhenius relation 
2;r/p = voexp(-W/rp) (22) 
where /p is the resonant frequency, 7p is the peak temperature and VQ = 2.9 x lO' Hz 
that the value of the activation energy (W) is 0.13 eV. It is observed that the peak position 
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Figure 18. The magnetic field dependence of (a) CIT at r = 0.6 K and (b) JC/T at 7" = 2 K. 
The straight lines are linear fits of the data i<xH ^ 4 T, implying j y oc / / . The open circles in (a) 
represent C/T data corrected with the Schottky term (see the text). In (b), the fitting range is from 
I to 8 T. Data below ^ = 1 T deviate from the linear behaviour due to flux line interactions at 
low H. The fits with ly(H') « H'/^ and hy(,H) (X H' an also shown, by the dashed and dotted 
curves, respectively, in (b) for comparison. The latter leads to n = 0.73 [13]. 
of P2 shifts towards higher temperature for higher measuring frequency [40]. The relative 
changes of the modulus (Ay/y) for the two samples are also shown in figure 19, where 
A y/ y s= (/^ - fo)/f^ with / the resonant frequency and /o the resonant frequency at 81 K. 
No clear softening (local minimum) is observed (figure 19), confirming that there is no lattice 
instability, and this is supported by XRD data [5] which show that the lattice parameter and the 
Debye-Waller factors for individual atoms decrease smoothly with decreasing temperature, 
and no unusual change of the structure parameters occurs near T^. It is to be noted here that 
although the structure of MgCNij is similar to that of Bai-xK^BiOs [1], the latter has a lattice 
instability [40]. The prediction of Debye theory for the inverse internal friction (2~ ' ) , 
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Figure 19. The invetse internal friction (Q~') and reduced modulus (A y / /so K) of the mechanical 
relaxation spectra of the superconducting and non-superconducting MgCj.^Nij samples in the 
temperature range 77-300 K. The inset shows a schematic plot of the frequency modul ation acoustic 
attenuation (FMAA-I) equipment [40]. 
is compared with the P2 peak, where A is the relaxation strength, w = 2nf and x = 
v~' exp(W/rp). It is found that the prediction is much narrower than the experimental 
findings [40]. Thus the Cole-Cole law [109] 
Q - ' = ( A / r ) I m [ l / ( l + {ia;rr)] (24) 
is used to fit the experimental data. It is found that o = 0.52, indicating the existence of a 
strong correlation between the relaxation units. There are generally two phases in MgC,_jjNi3, 
namely non-superconducting cK-MgC,__,Ni3 and superconducting )3-MgC,__,Ni3 phases [28]. 
Due to the smaller lattice parameters of the a-MgC i _^  Nis phase, the off-centre configurations 
would be suppressed, which is consistent with the depression of the P2 peak for the non-
superconducting sample. Yao et al [40] propose an explanation relating P2 to carbon atom 
jumping among the off-centre positions. And further they predict that the behaviour of carbon 
atoms may correspond to the normal state crossovers around 150 and 50 K observed by many 
other experimental findings [3,4,7,39]. 
8. The energy gap of MgCNi3 and the type of superconductivity 
Unlike the case for the MgB2 superconductor which shows two energy gaps [100, 110], a 
clear gap feature corresponding to the bulk phase T^ is observed for MgCNi3 [9, 19]. The 
superconducting energy gap A is found to be ~ 1.5 meV by Mao et al [9] and ~ 1.1 -1.15 meV 
by Kinoda et al [19], firom the tunnelling spectra of MgCNi3. These values of A are found 
to be consistent with the one calculated from the specific heat and other data (table 3). The 
tunnelling spectroscopy and specific heat studies show that lA/ksTc for MgCNij varies from 
3.75 to 5 (table 3), which is higher than the typical weak coupling BCS value (~3.52) as 
discussed earlier. The electron-phonon coupling constant A. = 0.66-0.84 (table 3) indicates 
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moderate coupling superconductivity in MgCNi3. The values of the Ginzburg-London 
(GL) coherence length 5GL(0) ~ 45-56 A, penetration depth XGL(O) - 1800-2480 A and 
f(0) (=A.GL(0)/$GL(0)) ~ 43.3-66 (table 3) argue for type-II superconductivity [89] in it. 
Thus, from the above discussions, it can be concluded that MgCNij is a BCS s-wave, moderate 
coupling, type-II, single-gap superconductor. However, this is still controversial as discussed 
below. 
The electron tunnelling spectroscopy results and theoretically estimated superconducting 
parameters support a BCS s-wave pairing in MgCNij in the weak coupling regime 
[19, 43, 49, 51]. The nuclear spin-lattice relaxation rate (1/Ti) displays behaviour typical 
of isotropic s-wave superconductivity [3] with a coherence peak below T^. The properties 
of Ag diffused Ag-MgCNij and Zn doped (Mgo.85Zno.ij)CNi3 can be interpreted properly 
via the conventional BCS phonon mechanism [21, 41]. The difference between the low 
temperature specific heats of isostructural MgCNi3 and ZnCNis with similar carrier densities 
can be understood within the BCS framework [38]. 
Waelte etal [48] derive k = 0.84 from the McMillan formula [80] (equation (3)), although 
the specific heat data show X ~ 1.45 which is identical to the value ~ 1.75 calculated by 
Ignatov et al [66]. Therefore, Waelte et al [48] conclude that strong electron-phonon coupling 
is present in MgCNi3, which is supported by Tan et al [65]. The s- and p-wave scenarios 
are observed from the calculated DOS of different Fermi surface sheets [48]. The large mass 
renormalization for the superconducting sample and the low T^ (~7 K) indicate that more 
than one kind of boson mediated electron-electron interaction exists in MgC_jNi3 [47]. The 
penetration depth exhibits distinctly a non-s-wave BCS low temperature behaviour, instead of 
showing quadratic temperature dependence, suggestive of a nodal order parameter [42]. Mao. 
et al [9] interpret the observed zero-bias conductance peak (ZBCP) as caused by Andreev bound 
states which result from a possible unconventional non-s-wave pairing state in MgCNi3. On this 
basis, of the simultaneous appearance of two conductance dips, they suggest strong coupling 
superconductivity in MgCNij. However, Naidy uk [45] shows that the current transport through 
these junctions is determined by thermal effects due to the huge normal state resistivity of 
MgCNi3. Therefore no conclusion can be drawn about the possible unconventional pairing 
or strong coupling superconductivity in MgCNi3 [45]. Again, Mao et al [46] argue, on the 
basis of specific heat rather than tunnelling data, that strong coupling superconductivity is 
suggested. Here it should be mentioned that comparing only lA/koTc ~ 4.4 with the weak 
coupling value of 3.52, Mao et al [9] suggest that MgCNi3 is a strong coupling superconductor 
although another criterion for it, i.e. X > 1 [80], is not satisfied. 
9. Theoretical studies 
The theoretical calculations on doped and undoped MgCNi3 were performed by different 
methods as discussed below. Some of (the important theoretically calculated parameters such 
as A£ (=£FM — £PM). where EFM and £PM are respectively the energies of the ferromagnetic 
and paramagnetic states, the DOS at the Fermi level N(EF) and the magnetization (M) of pure 
and doped MgCNij are shown in table 6. The DOS of the components of MgCNij along with 
the total DOS [49] are displayed in figure 20. The electronic density of states, A/(£),ofMgCNi3 
calculated within the local density approximation (LDA), along with the d contribution inside 
the Ni spheres, via the radius 2.04 OQ obtained by the general potential linearized augmented 
plane wave (LAPW) method [50], is demonstrated in figure 21. The lower panel of figure 21 is 
an expanded view near the Fermi level, £F . It is found that the band structure is dominated by a 
Ni 3d-derived DOS peak [49,50] just below the Fermi energy (figures 20 and 21). The N(Ep) 
of pure MgCNi3 varies from 1.8 to 5.34 states eV~'/fu (table 6). This variation in N{Ep) 
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may arise from the different approximations made by different groups [49, 52, 53, 56, 57]. 
The linearized muffin-tin orbital (LMTO) method [51], the self-consistent spin-polarized full-
potential linear muffin-tin orbital (FP-LMTO) method [53] and the self-consistent tight-binding 
linear muffin-tin orbital (TB-LMTO) method [52] also show that the £p for MgCNij is located 
in the slope descending from a sharp peak originating from Ni 3d states. This leads to a 
moderate Stoner enhancement, placing MgCNi3 in the range where spin fluctuations may 
noticeably affect the transport, specific heat and superconductivity, providing a mechanism 
for reconcilihg various measures of the electron phonon (e-ph) coupling constant A.. Strong 
e-ph interactions are found for the octahedral rotation mode and may exist for other bond angle 
bending modes. Several other groups [51-53,56,58,64] indicate that the DOS peak just below 
the Fermi level provides the superconducting properties of this compound. Wan et al [64] argue 
that the DOS peak is strongly correlated with various instabilities. After including the strong 
electron-electron (e-e) correlation effects on the Ni 3d state via the on-site Coulomb interaction 
correction, the DOS is greatly redistributed and the peak just below Ef disappears [64]. Shim 
et al [49] accomplish a correspondence of the peak to the n* antibonding states of Ni 3d and 
C 2p but with a predominant Ni 3d character. The results calculated from density functional 
theory and the LDA also show that the conduction bands in this compound are derived from 
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Figure 21. Th« electronic density of states, N(E),of M^Nij calculated within the local density 
apptoximation (upper limit). The dashed curve is the d contribution within the Ni spheres with 
radius 2.04 OQ obtained by the general potential linearized augmented plane wave (LAPW) method. 
The lower panel is an expanded view near the Fermi level, Ef [SO]. 
Ni 3d and C 2p states [65]. Tan et al [67] also find that the conduction bands in this compound 
are deiived from Ni 3d and C 2p states. The top valence states have essentially Ni 3d character 
and the C 2p states occupy the region from 4.0 to 7.0 eV below the Fermi energy. The Ep 
locates just at the slope step of the sharply structured Ni 3dyj+jx and Sdsjj-^j peaks. Optical 
conductivity in the energy range 0-12 eV is also contributed by the Ni 3d to Ni 4s and C 
2p transitions [65]. The optical properties of MgCNi3 have been calculated using the full-
potential linearized augmented plane wave (FLAPW) method within the generalized gradient 
approximation scheme for the exchange-correlation potential [68]. The dielectric function, 
reflectivity, optical absorption coefficient, optical conductivity, energy loss function, refractive 
index and extinction coefficient are calculated [68] to fully elucidate the optical properties of 
MgCNi3. The calculation [68] predicts a large reflectivity and small extinction coefficient in the 
low energy region, as shown in figure 22. The absorption coefficient and optical conductivity 
are very small at low energy [68]. All these computed results need experimental verification. 
Wan et al [64] find that MgCNij is a metal from electronic structure calculations using the local 
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* The abbreviations for the models are explained in section 9. 
spin density approximation (LSDA) of the density functional theory, using the self-consistent 
FLAPW method. The magnetic moment on the Ni ion is only 0.014 /^B • The magnetic moment 
on the Ni ion increases when electron-electron (e-e) correlation effects are considered and 
becomes 0.66 /^B [64]. The A£ of pure MgCNij is ~0.2 meV (table 6). It is observed that 
the Fermi surface contains nearly cancelling hole and electron sheets [52] that give an unusual 
behaviour of transport quantities, particularly the thermoelectric power. The prominent nesting 
feature is observed in the F-centred electron Fermi surface of an octahedral cage-like shape 
that originates from the 19th band [50]. 
Ignatov et al [66] have calculated a large coupling constant X = 1.75 which 
is much higher than the experimentally observed values, ~0.66-0.84 (table 3), but 
comparable to those (~1.4-1.45) obtained by others [7, 48]. The theoretical Sommerfeld 
constant Yoai ~ 4.45 mJ K~^  (mol Ni)~' [66] is lower than the experimental values 
~9.8-11.2 mJ K"^ (mol Ni)"' (table 3). On the basis of BCS strong coupling theory and 
first-principles calculation, the Debye frequency (tuo) for MgCNij is estimated to be 87 cm"' 
approximately. 
The surface electronic structures of MgCNi3(001) with both MgNi terminated and 
CNi terminated surfaces are investigated using the all-electron FLAPW method within the 
generalized gradient approximation to density functional theory [55]. It is found that the 
calculated work function of the MgNi terminated surface (~4.17 eV) is lower than that of 
the CNi terminated surface (~5.16 eV). The total numbers of electrons in the surface layer 
of the MgNi terminated surface and the CNi terminated surface are respectively greatly and 
slightly reduced with respect to the centre layer values [55]. The number of Ni(S) d electrons 
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Photon •fHqirtiM) 
Figure 22. The caJcu-
lated refractive index and 
12 extinction coefficient of 
MgCNij [68]. 
for the MgNi terminated surface is calculated to be 0.08 electrons more than that for the CNi 
terminated surface. The layer-projected /-decomposed local DOS shows that the difference in 
the number of Ni(S) d electrons is due to the strong C p and Ni d hybridization at the surface 
layer of the CNi terminated surface. The peak just below Ep for bulk MgCNij is broadened 
substantially at the Ni(S) CNi terminated surface, while that peak survives at the Ni(S) MgNi 
terminated surface [55]. By analysing the charge density tor a very narrow energy window just 
below Ep, such considerable modifications of the DOS peak at the CNi terminated surface are 
distinguished as being due to the broken local symmetry of the CNi layer at the surface [55]. 
It is considered that the behaviour of the modification of the peak near Ep resembles the p 
band hole doping through C site substitution and this is supported by the stability against 
ferromagnetism determined from total-energy calculations [55]. 
The possibility of superconductivity is discussed for the intermetallics ScBNis, InBNis, 
MgCCoj and MgCCuj which are isostructural with MgCNij [49]. Electronic structures of the 
MgCNij.jMj (M = Co.Cu; z = 0,0.5,1.0) system have been calculated using the TB-LMTO 
method [52]. Electron (Cu) and hole (Co) doping of MgCNis reconstructs its band structure but 
does not lead to magnetic order, although the DOS initially increases with increase of the Co 
concentration (figure 23). However, investigation of the electronic structures and magnetism 
of MgCNi3_jTj compounds (z = 0,1,2 and 3; T = Co and Fe) via first-principles all-electron 
E^APW calculations within the local spin density approximation reveals that the suppression 
of superconductivity occurs faster for the Fe doped case than for the Co doped one with increase 
of z and ferromagnetic transitions occur when z > 2 for the Co doped cases, while the Fe 
doped cases become ferromagnetic before z = 2 [47]. From the calculated DOS, it is found 
that MgCNi3 becomes paramagnetic and then ferromagnetic as the number of minority spin 
d band holes are increased via Co and Fe doping at Ni sites. The effects on the electronic 
structure and magnetic properties of the Ni site substitution in MgCNij.jCoj are studied by 
using density functional calculations [58]. Co doping results in the onset of ferromagnetism 
at z = 0.083. However, the slightly energy gain as well as small magnetic moment per atom 
indicate weak itinerant ferromagnetism [58]. Cu doping can be well accounted for by the rigid 
band model, which reduces the DOS at the Fermi level and the T^ [58]. Co doping of MgCNij 
is accompanied by a reduction of the DOS at the Fermi level, which seems to be responsible 
for the reduced superconductivity in the MgCNl,_jCoz system [56]. No magnetic solution is 
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Figure 23. The density of states (DOS) at £ = £F for MgCNis.^ M^ (M = Co, Cu) plotted as a 
function of the impurity concentration, x [52]. 
(This figure is in colour only in the electronic version) 
found for MgCNiiCo and MgCNiCoj [56]. This indicates tiiat hole doping does not produce 
the magnetic instability which could be responsible for pair breaking [S6]. Starting from a 
first-principles electronic structure calculation for MgCNij and using a simple Hartrec-Fock 
approximation, Granada et al [59] compute the magnetic moment of transition impurities 
T in the dilute limit of MgC(Ni,_jTj)3 with T = Co, Fe, Mn, Or and V. The computation 
shows that Co impurities are non-magnetic and for the remaining ones at least a small moment 
exists. Rosner et al [54] observe an unusual quasi-two-dimensional heavy band mass von 
Hove singularity (vHs) very near the Fermi energy for MgCNij. It is pointed out [54] that 
this compound is strongly exchange enhanced and unstable against ferromagnetism upon hole 
doping with ~12% Mg -* Na or Li (i.e., 0.04 hole/Ni). An essentially infinite mass along the 
M-F line accounts for the two dimensionality of this vHs [54]. Thus this compound provides 
new opportunities to probe the ferromagnetic critical point as well as introducing the novelties 
of 2D behaviour into a 3D system. It is concluded that experimental studies on the change 
of Tc with concentration might indicate, for non-magnetic impurities, a d-wave behaviour of 
these superconductors [59]. 
Replacement of C by B or N greatly reduces the DOS peak [49] near Ef (figure 24). The 
N ( £ F ) of MgBNij (~4.79 states &W-^Ji\i) is much higher than that (~3.63 states eV-'/fu) 
of MgNNij (table 6). The replacement of Mg in MgBNij by In or Sc reduces the N(,Ep) even 
more (table 6). The total or partial replacement of Ni in MgCNij by Co or Fe also greatly 
diminishes NiEf), as shown in table 6, except for MgCNi2.92Coo.083 where a higher value 
(~6.5 states eV"Vfu) is obtained. TTie magnetic moment (A/) of doped MgCNij calculated 
by several groups is shown in table 6. Depending on the doping element, i.e. Co, Fe, Mn 
etc, the value of M differs. A£ for some doped and undoped MgCNi3 samples is shown 
in table 6. A hypothetical system, MgC(FeCoNi), has been found to be ferromagnetic with 
magnetic moments of 0.97,0.24 and 0.03 fi^ for Fe, Co and Ni, respectively; these are roughly 
proportional to the number of d band hole; of minority spin (table 6). The role of the transition 
metal dopants [57] in the magnetism may be understood from the site-projected spin-polarized 
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ENERGY (cV) Figure 24. The density of states of MgXNij (X = B, C, N) [49]. 
DOS of hypothetical MgC(FeCoNi). The majority spin d bands are seen to be nearly filled 
for all transition metal atoms. On the other hand, the location of £F is shifted to the top of 
the minority spin d band as we move from Fe to Ni, which is again understood as behaviour 
typical of metallic ferromagnetism. It also confirms that Co and Fe doping in MgCNij provide 
a source of minority spin d band holes rather than magnetic scattering centres that quench 
superconductivity. In addition, their locations and the widths of the main peaks of the minority 
spin d bands are seen to be rather independent of each other, but the shape of the Fe d bands 
is modified from that in the bcc phase [57]. This again confirms the independence of the 
magnetic moments of the face centred transition metal atoms. The strong ferromagnetic spin 
fluctuation in MgCNi3_jC0i leads to quenched bulk superconductivity, while the Mn atom 
forms a local magnetic moment of 1.06 /^B at z = 0.042 which suppresses superconductivity 
more seriously than Co does in the low doping case [58]. There is a large variation of A£ 
(-379,1-0.2 meV) according to the difference in composition. 
A two-band model [18, 24, 48] provides a consistent interpretation of the temperature 
dependence of the normal state resistance and the Hall constant. The thermoelectric power 
also needs to be explained by a multi-band model [48]. Although the band structure calculations 
suggest an increase in T",; upon partial replacement of Ni with Fe and Co, the Co substitution 
quenches the superconductivity and Fe substitution leads to an increase followed by a decrease 
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Figure 25. The two Fermi surface sheets of MgCNi} and the corresponding band resolved density 
of states near Ep. Band 1 corresponds to the Feimi surface sheet in the top right panel and band 2 
corresponds to that of the top left panel [24]. 
in Tc [18]. The DOS of the two bands along with those of their Fermi surface sheets are shown 
in figure 25. A multi-band superconductor [111,112] with a conventional phonon mechanism 
can develop an unconventional state with a non-trivial order parameter phase relation between 
the individual bands. It is proposed [69] that such a state can explain the experimentally 
found [9] s-wave pairing symmetry and unconventional superconductivity in MgCNi3. It has 
been shown [69] that such a state gives rise to Andreev bound states and to spontaneous 
currents, at surfaces and around impurities, which can explain the zero-bias features observed 
in quasi-particle tunnelling [9]. 
10. Conclusions 
The following conclusions can be drawn as regards the physics of MgCNij. 
(1) It has a simple cubic perovskite structure [1] like the 30 K oxide non-cuprate 
superconductor Bai-^KxBiOs with space group Pm3m and the lattice parameter a is 
~3.812A. 
(2) The Ni K-edge x-ray absorption study [16] suggests that the Ni6(06) octahedra are locally 
distorted from those expected in the perfect cubic Pm3m form. 
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(3) It is found [5] that the compound has the perovskite structure over the temperature range 
(2-295 K) and no structural or long range magnetic ordering transitions are observed. Its 
structure is also stable under a pressure of ~22 GPa [30]. 
(4) A high proportion of Ni in this compound indicates that the magnetic interactions may 
play a dominant role as regards its superconductivity. 
(5) The superconducting transition temperature T^ of MgC^^ Nis is sensitive to the carbon 
content increasing with jc and X ~ 1.45-1.5 corresponds to the highest 7"c [10,12,17,56]. 
However, doping at the Mg and Ni sites decreases the TQ [6, 18, 33,56] sharply. 
(6) The external pressure increases the T^ of MgC^Nis [17, 18] at the same rate as for other 
intermetallic superconductors but at a rate one order lower than that for MgBj and the 
pressure effect on T^ is independent of the C content. 
(7) The '^C NMR investigation on this material [3] implies that the electronic states reach a 
modestly mass enhanced Fermi-liquid-like state prior to the superconducting transition. 
(8) Normal state NMR properties of MgCNij are irregular [3] and analogous to those observed 
for the exotic superconductor Sr2Ru04. 
(9) The change from grain boundary to core pinning by intragranular nanoparticles near Tc 
suggests [11] that the arrangement of pinning sites in MgCNi3 is unique. 
(10) Hall coefficient and thermoelectric power data [4, 7] on MgCNij show that the carriers 
in this compound are electrons, in contrast to those of MgB2. However, He c/ a/ [1] 
suggest that the holes in Ni d states might be responsible for the electrical conduction 
in this material in an electronic analogy to the holes in the O p states in perovskite 
oxide superconductors. The constant scattering approximation also shows that the 
thermoelectric power is hole type [50] above 10 K. 
(11) It has been suggested [54] that MgCNi3 is near a ferromagnetic instability and can be 
reached by hole doping at the Mg site (if 12% Mg is replaced by Na or Li, i .e., 0.04 hole/Ni). 
(12) Energy band calculations [49-60] illustrate that the density of states (DOS) of the Fermi 
level ( £ F ) is dominated by Ni 3d states and there is a von Hove singularity (vHs) of the 
DOS [15,54] just below the £ F (<5O-120 meV). Nevertheless, photoemission and x-ray 
absorption studies [15] show that the sharp vHs peak theoretically predicted near £ F >S 
substantially suppressed, which may be due to electron-electron and electron-phonon 
interactions. 
(13) Both positive and negative magnetoresistances are reported [7,16,33], which needs further 
clarification. 
(14) It has been observed [7] that the electronic contribution is slightly higher than the lattice 
one in the normal state thermal conductivity. 
(15) MgCNi3 is a single-gap superconductor in contrast to MgB2 [100,110] and the value of 
the superconducting gap (A) is estimated to be 1.1-1.5 meV [9, 13, 19, 47, 48], from 
tunnelling spectroscopy and specific heat data. 
(16) The nuclear spin-lattice relaxation rate (.l/T\) displays the typical behaviour of isotropic 
s-wave superconductivity [3] for MgCNi3 with a coherence peak below Tc. However, the 
field dependent specific heat and resistivity results imply that it is a moderate coupling, 
type-II, s-wave BCS superconductor [1, 11, 13, 14, 38, 47, 48]; this is supported by 
tunnelling and other experiments as well as theoretical calculations [19, 21,49, 51,67]. 
Again, the penetration depth distinctly exhibits a non-s-wave BCS low temperature 
behaviour [42], instead of showing a quadratic temperature dependence, suggestive 
of a nodal order parameter. It is also theoretically suggested that it is a d-wave 
superconductor [59]. Thus the nature of the superconductivity in MgCNi3 is still 
controversial and needs more efforts to clarify it. 
211 
R1274 Topical Review 
11. Future scope of work 
(1) The single-crystal or wires/tapes form of MgCNi3 should be studied to allow focusing on 
the changes of properties (if any) compared to those of the polycrystalline bulk and thin 
films. 
(2) The nature of the superconductivity in MgCNi3 should be clarified. 
(3) The computation of some important parameters such as din N(EF)/dP and d ln<w/dP 
for MgC;,Ni3 may be useful for quantitative analysis of pressure dependent T^ data 
(4) The calculated optical properties should be experimentally venfied. 
(5) Intensive theoretical studies are needed to clarify the controversies over the type of the 
superconductivity and normal state magnetoresistance of MgCNi3 
Acknowledgments 
The author is grateful to his colleagues for their constant encouragement, support and 
constructive suggestions. 
References 
[1] He T ei at 2001 Natun 411SA 
[2] Nagamatsu J, Nakagawa N, Muranaka T, Zenailani Y and Akimitsu J 2001 Nature 410 63 
[3] Singer P M, Imai T, He T. Hayward M A and Cava R J 2001 Phys Rev Utt 87 257601 
(4) USYei al 2001 Phyi ReviBM 132505 
[5] Huang Q, He T, Regan K A, Rogado N, Hayward M, Hass M K, Inumanj K and Cava R J 2001 Phynca C 363 
215 
[6] Haywanl M A, Hass M K, Ramirez A P, He T, Regan K A, Rogado N. Inumaru K and Cava R J 2001 Solid 
Stale Commun 119 491 
[7] Li S Y «f al 2002 Phys Rev. B 65 064534 
[8] Li J Q, Wu L J, LI L and Zhu Y 2002 Phys Rev B 65 052506 
[9] Mao Z Q. RoMino M M. Nelson K D, Wu K, Deac IG, SchifTer P, Liu Y, He T. Regan K A and Cava R J 2003 
Phys Rev B 67 094502 
[ 10] Ren Z A, Che G C, Jia S L, Chen H. Ni Y M and Zhao Z X 2001 Preprmi cond-malA) 105366 
Ren Z A, Che G C. Jia S L, Chen H. Ni Y M and Zhao Z X 2001 Sci China A 44 1205 
[11] Cooley L D, Song X, Jiang J, Laibalestier D C, He T, Regan K A and Cava R J 2002 Phys /;«vB6S2l4518 
(12] AmosTG, Huang Q.Lynn J W. He T and Cava RJ2002 5o/K/5Wfe Co/wnun 12173 
[13] Lin J-Y. Ho P L, Huang H L, Lin P H, Zhang Y-L, Yu R-C. Jin C-Q and Yang H D 2003 Phys Rev B 67 
052501 
[14] Lin J-Y, Lin P H, Ho P L. Huang H L, Zhang Y-L, Yu R-C, Jin C-Q and Yang H D 2002 J Supercond 15 485 
[15] KimJH.AhnJS, IOmJ,ParkM-S,LeeSI,ChoiEJandOhS-J2002/'Ayj /?«vB66 172507 
[16] Ignatov A Y, Dieng L M. lyson T A, He T and Cava R J 2003 Phys Rev B 67 064509 
[17] Yang H D, Mollah S, Huang W L, Ho P L. Huang H L, Liu C-J, Lin J-Y. Zhang Y-L, Yu R-C and Jin C-Q 2003 
Phys. Rev. B 68 (msm 
[18] KumaryTO,JanaldJ,ManiA,JayaSM,Sa$(iyVS.HanharanY.RadhaknshnanTSandValsakumarMC2002 
Phys. Rev. B 66 0M510 
[19] Kinoda G. Nishiyama M, Zhao Y. Murakami M, Koshizuka N and Hasegawa T 2001 Japan J Appl Phys 40 
LI 365 
[20] Young D P. Moldovan M. Craig D D, Adams P W and Chan J Y 2003 Phys Rev B 68 020501 
[21] Liu F M. Li J Q. Dong C. Wang T M, Zhou Y Q and Chen H 2002 Supercond Set Technol 15 1316 
[22] Lin J-Y. Yang H D and Jin C-Q 2003 Phystca C 388/389 559 
[23] Jin C Q, Zhang Y L, Liu Z X. Li F Y. Yu W and Yu R C 2003 Physica C 388389 561 
[24] Rosner H el al 2003 Physica C 388/389 563 
[25] Wang H, Ouyang L Z. Zeng M Q and Zhu M 2004 Scr Mater 50 1471 
[26] Ferrelti M, Ciccaielli C. Magnone E, Rubino S, Parodi N and Martinelli A 2004 Mater Res Bull 39 647 
l27] Schaak R B, Avdeev M, Lee W L, Lawes L G, Zandbergen H W, Jorgensen J D. Ong N P, Ramirez A P and 
Cava R J 2004 J Solid Stale Cheni. 177 1244 
212 
Topical Review R1275 
28] Ren Z A, Che G C, Jia S L, Chen H, Ni Y M, Liu 0 D and Zhao Z X 2002 Physica C 371 1 
29] Wei Z F, Chen X L. Che G C, Wang F M, Li W C and He M 2002 Chin Phys Uit 19 249 
30] Zhang Y L, Li F Y, Chen L C, Liu J, Yu R C. Liu Z X, Yu W and Jin C Q 2003 Chin Sci Bull 48 2287 
31J Artini C. Costa G A, Magnone E, Cimberle M R and Masini R 2003 Int J Mod Phys B 17 819 
32] Kar'lun A E, Goshchitskii B N, Kurmaev E Z, Ren J A and Che G C 2003 Phys Met Meiallogr 95 324 
33] Das A and Kremer R K 2003 Phys Rev B 68 064503 
34] Alzamora M, Sanchei D R, Cindra M and Baggio-Sailovitch E M 2002 Brai. J Phys 32 755 
35] Cooley L, Song X Y and Larbalestier D 2003 IEEE Trans AppI Supercond 13 3280 
36] Chen L. Li H and Mei L M 2004 / Mater Sci Technol 20 203 
37] Chen L and LiH 2004 A c w M y j SHI 53 922 
38] Park M S. Giim J S, Park S H, Lee Y W, Lee S I and Choi E J 2004 Supercond Sa Technol 17 274 
39] Wang C H, Mo W Q, Li S Y, Yu M, Fan R, Ruan K Q. Yang H S, Cao L Z and Chen X H 2002 Acta Phys Sm 
51 1816 
40] Yao Y X, Ying X N. Huang Y N, Wang Y N, Ren Z A, Che G C. Wen H H, Zhao Z X and Ding J W 2004 
Supercond. Sci. Technol 17 60& 
41 ] Park S H, Lee Y W, Gum J. Jung S H. Ri H C and Choi E J 2004 Physica C 400 160 
42) Prozorov R, Snezhko A, He T and Cava R J 2003 Phys Rev B 68 180502 
43] Shan L. Tao H J, Gao H, Li Z Z. Ren Z A, Che G C and Wen H H 2003 Phys Rev B 68 144510 
44] Ouyang L Z. Wang H. Peng C H. Zeng M Q, Chung C Y and Zhu M 2004 Mater Leu 58 2203 
45] NaidyukYG 2004 Ph)>j.;;ev.B 69 136501 
46] Mao Z Q, Rosario M M, Nelson K D, Wu K, Deac IG, SchifTer P, Liu Y, He T, Regan K A and Cava R J 2004 
Phys. Rev. B 69 136S02 
47] Shan L. Xia K, Uu Z Y. Wen H H, Ren Z A, Che G C and Zhao Z X 2003 Phys Rev B 6« 024523 
48] Waelte A, Fuchs G, Mueller K-H, Handstein A, Nenkov K. Narozhnyi V N, Drechsler S-L. Shulga S. 
Schultz L and Rotner H 2004 Preprint cond-mal/0402421 
49] Shim J H, Kwoa S K and Min B12001 Phys. Rev. B 64 180510 
SO] Singh D J and Mazin 112001 Phys. Rev. B 64 140507 
51] Dugdale S B and Jailborg T 2001 Phys. Rev. B 64 100508 
52] Szajelc A 2001 / Phys.: Condens. Matter 13 LS9S 
S3J Shein IR, Ivanovskii A L and Medvedeva N12001 JETP Lett 74 122 
;541 Rosner H. Weht R, Johannes M D, Pickett W E and Tosaw E 2002 Phys Rev Utt 88 027001 
SSJ Kim IG, Lee JI and Freeman A J 2002 Phys. ^«K B 66 174512 
5^6] Shein IR. Ivanovskii A L, Kunnaev E Z, Moewes A, Chiuzbian S, Finkelstein L D, Neumann M, Ren Z A and 
Che G C 2002 Phys. Rev. B 66 024520 
57] Kim IG, Lee JI and Freeman A J 2002 Phys. Rev. B 65 064525 
58) Wang J L. Xu Y, Zeng Z, Zheng Q Q and Lin H Q 2002 ] Appl Phys 91 8504 
59] GianadaCM.SilvaCM DandGomes A A2002 5o/<(^Sure Commun 122 269 
60] Shein I R and Ivanovskii A L 2002 / Struct. Chem. 43 168 
61] Wu B M. U B. Yang D S, Zheng W H, Li S Y, Gao L Z and Chen X H 2003 Ada Phys Sm 52 3150 
62] Uu S, Shen R, Zheng Z M and Xing D Y 2003 Chin Phys Utt 20 284 
63) Heid R, Renker B, Schober H, Adelmann P, Emil D and Bohncn K P 2004 Phys Rev B 69 092511 
64] Wan X G. Weng H M and Dong J M 2002 Chm. Phys. Uu 19 1522 
65] Tan M Q. Tao X M. Xu X J. He J H and Ye G X 2003 Acta Phys Sm 52 463 
;66) Ignatov A Y, Savrasov S Y and TVson T A 2003 Phys. Rev B 68 220504 
67) Tan M Q, Tao X M. Xu X J, He J H and Ye G X 2003 Physica B 337 95 
68) Okoye C M 12003 / Phys.: Condens. Matter IS 833 
;69] VoelkerK and SigristM 2003/>ivpruircond-mat/0208367 ' 
70] Yonemitsu K, Bishop A R and Lorenzana J 1993 Phys. Rev B 47 8065 
11] Schilling J S, Jorgensen J D, Hinks D G, Deemyad S, Hamlin J, Looney C W and Tomita T 2001 Studies of 
High Temperature Superconductors vol 38, ed A V Narlikar (New York: Nova Science) p 321 
72] Monteverde M, Nunez-Regueiro M, Rogado N, Regan K A, Hayward M A, He T, Loureiro S M and Cava R 
J 2001 Science 292 75 
73] Lorenz B, Meng R L and Chu C W 2001 Phys Rev B 64 012507 
74) Sato E, Taknenobu T, Ito T, Iwasa Y, Prassides K and Anma T 2001 7 Phys Condens Mailer 13 L267 
75] Schmidt H and Braun H F 1994 Physica C 229 315 
76) AUeno E, Neumeier J J, Thompson J D, Canfield P C and Cho B K 1995 Physica C 242 169 
77] Meenakshi S, Vijaykumar V. Rao R S, Godwal B K, Sikka S K, Ravindran P, Hosiain Z, Nagarjan R, 
Gupta L C and Vijayaraghavan R 1998 Phys Rev. B 58 3377 
213 
RI276 Topicil Review 
[781 Weng S S, Hong IP, Chang C F, Tsay H L, Chatterjee S, Yang H D and Lin J-Y 1999 Phys Rev B 59 11205 
[79) Mam A, Bharalhi A, Sasliy V S, Hanharan Y and Radhakrishnan T S 2001 ICCCIS Pmt ISlh liil Conf on 
Cryogenic Engineering ed K G Narayankhedkar (New Delhi Narosa Pubhshing House) p 615 
[80] McMillan W L 1968 Phys Rev 167 331 
[81] Ishizuka M, Iketani M and Endo S 2000 Phys Rev B 61 3823 
[82] Jennings L D and Swenson C A 1958 Phys Rev 112 31 
[83] Lin J-Y and Yang H D 2004 Superconductivity Research at the Leading Edge ed P S Lewis (New York Nova 
Science) pp 111-30 
[84] Werthamer N R, Helfand E and Hohenberg P C 1966 Phys Rev 147 295 
[85] ShulgaSV and DrechslerS-L 2002 y Low Temp Phys 129 93 
[86] Clogston A M 1962 Phys Rev Ult 9 266 
[87] Chandrasekhar B S 1962 Appt Phys Lett 1 7 
[88] Orlando T P, McNiff E J J. Foner S and Beasley M R 1979 Phys Rev B 19 4545 
[89] Kittel C 1996 Introduction to Solid Slate Physics 7th edn (New York Wiley) 
[90] Meingasl C and Larbalesuer D C 1989 V AppI Phys 66 5971 
[91] Pippard A B 1989 Magneloresislance in Metals (Cambndge Cambridge University Press) 
[92] Hecgcr A 1969 Solid Slate Physics vol 23 (New York Acidcimt) p 28t 
[93] Affronle M, Marcus J and Eicribc-Filippini C 1993 Solid Siuie Cununun 85 501 
[94J Anderson P W 1991 Phys Rev Lett 67 2092 
[95] Sera M, Kobayash S, Hiroi M, Kobayashi N, Takeya H and Kadouaki K 1996 Phys Rev B 54 3062 
[96] Bauer E, Paul C, Berger S, Majumdar S, Michor H, Giovannini M, Saccone A and Bianconi A 2001 J Phys 
Condens Matter 13 L487 
[97] Berman R 1976 Thermal Conduction m Solids (London Oxford University Press) 
[98] Kaiser A B 1987 Phys Rev B 35 4677 
[99J Nishizaki S, Maeno Y and Mao Z 20007 Phys Soc Japan 69 572 
[100] Yang H D, Lin J-Y. Li H H, Hsu F H, Liu C-J, Li S-C. Yu R-C and Jin C-Q 2001 Phys Rev Uit 87 167003 
[101] Kresin V Z and Parkhomenko V P 1975 Sov Phys—Solid State 162180 
[102] Caroh C. Gennes P G D and Matncon J 1964 Phys Uit 9 307 
[103] Volovik G E 1993 JETP Lett 58 469 
[104] Forabnefreview, seeYangHDandLinJ Y20017 Phys Chem Sotids62\i6\ 
[105] Ramirez A P 1996 Phys Ult. A 211 59 
[106] SonierJE.HundleyMFandBnllJ W 1999/>Ayi Rev Utt 824914 
[107] Chen S J, Chang C F, Tsay H L, Yang H D and Lin J-Y 1998 Phys Rev B 58 14753 
[108] Chang C F, Lm J-Y and Yang H D 2000 Phys Rev B 61 14350 
[109] Cole K S and Cole R H 1941 7 Chem. Phys 9 311 
[110] Mollah S, Yang H D and Chaudhun B K 2003 Ind J Phys A 77 9 
[111] Suhl H, Matthias B T and Walker L R 1959 Phys Rev Utt 3 552 
[112] Agterbeij D F, Barzykin V and Gor'kov L P 1999 Phys Rev B 60 14868 
PHYSICAL REVIE' m 0,054519(2004) 
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Magnetic field dependence of low temperature specific heat of spinel oxide superconductor LiTi204 has 
been elaborately investigated. In the normal state, the obtained electronic coefficient of specific heat y„ 
-I9.1S mJ/mol Vi}, the Debye temperature 6 D " 6 S 7 K and some other parameters are compared with those 
reported earlier. The superconducting transition at Tc~ 11.4 K is very sharp (AT^—0.3 K) and the estimated 
SCty,Tc is ~1.78. In the superconducting state, the best fit of data leads to the electronic specific heat 
CJy,Tc-9.ST cxp{-l.5i Tc/T) without field and y(H)<^H^-^' with fields. In addition, //^jW~ 11.7 T, 
//r(0)~0.32T, foL(0)~55A, XGL(0)~1600 A, and //f|(0)~26mT are estimated from the Werthamer-
Helfand-Hohenberg (WHH) theory or other relevant relations. All results from the present study indicate that 
LiTi204 can be well described by a typical type-II, BCS-like, moderate coupling, and fully gapped supercon-
ductor in the dirty limit. It is fiirther suggested that LiTi204 is a moderately electron-electron correlated 
system. 
DOI: IO.1103/PhysRevB.7O.O54519 PACS number(s): 74.25.Bt, 74.25.Ha 
I. INTRODUCTION 
LiTi204 is unique among oxide superconductors in many 
respects like its chemistry, crystal structure and supercon-
ducting properties.'"" In the normal spinel-like structure 
(space group Fd2m) of LiTi204, the Li and Ti atoms are, 
respectively, at the positions of tetrahedral (8a) and octa-
hedral (16d) sites. The resistivity and magnetic susceptibility 
data' of LiTi204 showed the Tc~ 10-12 K. The disappear-
ance of superconductivity in Li|+xTi2_,04 for x>0.15 was 
concluded to be due to grain boundary effects.'-^ It has at-
tracted a lot of attention due to at least having the following 
physical significances related to the present studies. For ex-
ample, it is the only spinel oxide superconductor {T^ 
^ 12 K.) so far to our knowledge. Also, it is the rare oxide 
superconductor showing a sharp superconducting anomaly^"* 
in specific heat (C) in contrast to an unpronounced one 
in polyciystalline BaPb 1-^ 6^1x03 with a comparable T^ 
~ 12 K.'^  The upper critical field 7/^ 2(0) of LiTi204 reported 
by several groups varied from 2 to 32.8 T.'*' Issues like 
whether the superconductivity in LiTi204 can be well ex-
plained in the framework of BCS theory based upon the 
electron-phonon (e-ph) interactions and the role of the 
electron-electron {e-e) interactions have not been totally 
clarified.' Some theoretical predictions showed that LiTi204 
was a strong coupling BCS superconductor while the low 
temperature specific heat and magnetic susceptibility data 
implied for the conditions for weak coupling d-band 
superconductivity.'"*•'" Furthennore, there has been a very 
recently revived debate on Anderson's resonating valance 
bond (RVB)-type ground state as the possible origin of su-
perconductivity in cuprates.'^-'* Since the Ti sub-lattice of 
the spinel structure allows a high degree of firustration, the 
RVB ground state is probable in the LiTi204 spinel.'° 
In fact, the specific heat (C), a thermodynamic bulk prop-
erty unlike resistivity and magnetization, of LiTi204, has 
been elaborately studied by some groups^ "^ in the absence of 
a magnetic field {H). Though some of the derived parameters 
(listed in Table I) agree quite well with each other, some of 
them differ significantly and lead to incompatible descnp-
tions for the nature of superconductivity. These controversies 
especially warrant a comprehensive revisit of superconduc-
tivity in LiTi204. In addition, the recent intensive investiga-
tions of its isostructural compounds LiMn204 (Ref 15) and 
LiV204 (Refs. 4 and 16) exhibiting, respectively, high-
voltage electrolyte and id heavy fermion behavior also tempt 
us to study the crucial role of 2d metals in the spinel oxide 
structure. In particular, it is interesting to study the evolution 
from 2d superconductivity to a 2d heavy fermion in 
Li(Ti|_,V,)204." In this report, we thus provide the detailed 
magnetic field (up to 8 T) dependence of the low tempera-
ture specific heat on LiTi204, which has never been reported 
in the literature earlier and is crucial to the determination of 
superconducting properties, to explore its pairing mechanism 
of superconductivity. 
11. EXPERIMENTAL METHODS 
The preparation and characterization of polycrystalline 
LiTi204 used in this low temperature specific heat measure-
ment were described elsewhere.' Highly pure Li2C03 and 
Ti02 were mixed in an appropriate ratio, calcined in a quartz 
tube under a pure oxygen atmosphere for 20 h at 750°C, 
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TABLE I. Some important parameters of LiTi204 obtained from 




y„ (mJ/mol K?) 
N{Ef) (states/eV atom) 























































































leading to the formation of Li2Ti205. Then it was mixed with 
a proper amount of Ti203, grounded thoroughly, pressed into 
pellets, and sintered at 880° C for 24 h under a dynamic 
vacuum with pressure less than 10~* Torr. Basically, to ob-
tain a pure LiTi204 phase, one needs to add —15% more of 
Li than nominal composition due to its volatility. Powder 
x-ray diffraction (XRD) data obtained by SIEMENS D5000 
diffractometer using CuKa radiation showed that Lii+;tTi204 
exhibited a Ti203 impurity phase for x=0 and the pure 
LiTi204 phase was obtained for 0.1 « x « 0 . 1 5 (Ref. 8) which 
was used for this specific heat measurement. The low tem-
perature specific heat C{T,H) was measured with a ^He heat-
pulsed thermal relaxation calorimeter" in the temperature 
range from 0.6 to 20 K under different magnetic fields 
(0-8 T). The precision of the measurement in this tempera-
ture range is about 1%. To test the accuracy of the field 
dependence of specific heat, C{T,H) of a standard copper 
sample was measured at H=0, 1, and 8 T, respectively. The 
scatter of data in different magnetic fields was within 3%. 
Tc(~ 11.4 K) obtained from specific heat data is consistent 
with that measured by resistivity on the same sample." 
III. RESULTS AND DISCUSSION 
Figure 1 shows the low temperature specific heat C(T,H) 
of LiTi204 with H=Q and 8 T as C/f vs T^. The normal 
state specific heat in the absence of a magnetic field, 
C,{T) = yJ+C,,„i„{T). (1) 
is extracted from H=i T data between 8 and 20 K, where 
y„T is the electronic term due to free charge carriers and 
Cia,iice{T)=pT^ + aP is representing the phonon contribution 
which is assumed to be independent of the magnetic field. 
It is found that >',= 19.15±0.20(mJ/mol K )^, /3=0.048 
±0.002(mJ/mol K )^, and a=0.00012±0.00005(mJ/mol K*) 
give the best fitting (solid line in Fig. 1) to the experimental 
data. It is noted that if we take C,„„i„(T)--pP + aP+DT\ 
the best fit occurs at a negative value of D(=-2.8±0.5 
X 10"^  mJ/mol K*) which is um-easonable. On the other 
hand, C\^„{T)=I3'I^ gives a much higher rms value com-
pared to Cia„ice{T)=pi^+al^. The enhancement of y„ by the 
electron-phonon interaction is given by" 
y, = (m)kB-n^N{E,){\+\), (2) 
where N{Eii) is the band structure density of states at the 
Fermi level, kg is the Boltzmann constant, and X. is the 
electron-phonon interaction constant. Taking \=0.65 as 
obtained from low temperature specific heat data (discussed 
later), the calculated value of M-£f) for the present sample 
FIG. 1. C(T,ff)/T\/s T^ of LiTijO^ wilhoul 
and with a magnetic field of 8 T. The solid line is 
the best fit of C„(T)IT=y„+pt^ + aT* to the H 
= 8 T data between 8 and 20 K. 
400 
T ' ( K ^ 
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J I L 
FIG. 2. Plot of SC{T)IT vs T with SCm 
=C{T)-C„{J). The solid line is the BCS fitting 
with 2A/*s7't=4. The inset shows the entropy 
conservation around the transition temperature. 
6 8 10 12 14 16 18 20 
T(K) 
is ~0.70 states/eV atom. This is lower than that 
(~0.97 states/eV atom) perceived by McCallum et al? from 
susceptibility data which would not satisfy the transition 
temperature from the McMillan equation." Hpwever, the 
authors^ indicated that the reduction of N{EF) by 15% (or-
bital contribution and/or exchange enhancement to total sus-
ceptibility) would explain it. The reduced M ^ F ) is in close 
agreement with the present investigation. The Debye tem-
perature ©D=657±33 K is derived by using the relation 
/3= 1.944 X lO^Xn/eJ), (3) 
where n is the number of atoms per formula unit and takes 7 
for LiTi204. This is somewhat higher than those experimen-
tally obtained and theoretically predicted values^" 
(-575 K) but closer to those (685-700 K) reported by the 
group of Johnston.^ '* The values of y„,N(Eir), and ©D are 
listed in Table I along with some other parameters for a 
comparison with reported results. 
The characteristics of superconducting phase transition in 
LiTi204 can be analyzed using the relation 
SC(T) = C{T,H=OT)-C„(T). (4) 
The resultant SC(1)IT vs 7 is shpvm in Fig. 2, where the 
inset illustrates the conservation of entropy S=Jl'{SC/T)dT 
around the transition. This conservation of entropy is essen-
tial for a second order, such as superconducting-normal, 
phase transition. In this case, failure to include the aJ* term 
in Eq. (1) will not totally satisfy this requirement.^  In fact, 
this requirement may be uSed to testify the justification of the 
values of y„ and @Q. The dimensionless specific-heat jump 
at Tc is SC/y„Tc=l.H as indicated in Fig. 2 which is greater 
than the typical weak coupling value (~ 1.43). Thus SC(T)IT 
is well fitted to the BCS model as shown in Fig. 2 by the 
solid line with a little higher 2A/fcBr<.(~4.0), where A is the 
superconducting energy gap instead of the weak coupling 
value (-3.52). This value of IMkgT^-A (i.e., A 
= 1.97 meV) is consistent with 3.8 in Ref. 3 and the reference 
therein where the tunneling experiments yielded the value of 
4.0. Consequently, the superconductivity in LiTi204 can 
be explained by the moderate coupling BCS framework 
though the early low temperature specific heat and theoreti-
cal calculations, respectively, indicated weak and strong 
coupling}-^'^°-^^ 
The electronic specific heat in the superconducting state is 
given by C„(7) = C(7)-C/a,„„(7). A plot of logarithmic 
CeJJ)lynTc 'VS TJT{¥\g. 3) shows that the fitting of data (as 





FIG. 3. Logarithmic C^^ly„Tc vs 7"^/rof LiTi204 m the super-
conducting state. The solid line is the linear fit to the data for TJT 
between 2 and 5. 
054519-3 
217 
SUN el al PHYSICAL REVIEW B 70, 054519 (2004) 
FIG 4 (a) C{T,ff)IT vs T ami (b) 
SC(T,H)/T vs T under various magnetic fields 
The entropy around the superconducting transi-
tion IS conserved even in magnetic fields 
T(K) 
lows the relation CJJ)lyJc=A txpliraTJT)] with A 
=9.87 and a= 1 58, However, the BCS theory predicts 
CJX)lynTe=^-S KK^{r\MTJT)\ for this temperature fit-
ting range in the weak couphng hmit ^ Therefore, both the 
values of the coefficient and prefactor are in the range of 
typical moderate coupling BCS fiilly gapped superconduct-
ors 
The electron-phonon coupling constant X. is estimated to 
be ~0 65 (Table I) using the relation^" 
SCIyJc = 1 43 + 0 942\^ - 0 195X^  (5) 
According to McMillan model," for weak coupling K<\, 
for wciak and intermediate coupling X. < 1, and for strong 
coupling \ > 1 Therefore, the present X value suggests that 
L1T12O4 is a moderate coupling superconductor rather than a 
weak coupling one ^ ~* Nevertheless, the value of \ is much 
lower than that (~1 8) of the theoretical predictions (indicat-
ing strong coupling superconductivity m L1T12O4) which 
may be due to the spin fluctuation effect '"•" Taking 0^ 
=657 K, X=0 65, and observed 7"<.~ll 4 K, the Coulomb 
repulsion parameter/A* ~ 0 13 can be obtained fi-om the Mc-
Millan formula," 
r^ = (0D/1 45) X exp{- 1 04(1 + \)I\K - /i*(l + 0 62X)]} 
(6) 
The value of ti is the same as transition metals," and is in 
the range of those reported earlier^ -^  confirming the BCS-
type <f-band superconductivity m L1T12O4 
The magnetic field dependence of C{T,H)/T and 
SC(T,f{){^C{T,H)-C„{T))/Tv/eKplotted m Figs 4(a) and 
4(b), respectively It is noticed that the conservation of en-
tropy (the area above and below zero of C/ T are equivalent 
around the superconducting transition) is fundamentally sat-
isfied for all studied magnetic fields This implies that the 
sample is of good quality without detectable impurities (par-
ticularly magnetic field dependent nonsuperconducting 
phases) The dissimilar example has been observed in 
Bai_iK,Bi03 (Ref 21) due to defects and the inhomogeneity 
of the sample Figure 5 demonstrates the magnetic field de-
pendence of very low temperature («5 K) specific heat as 
CIT vs 7^  The coefficient of electronic specific heat y(H) 
with vanous fields has been estimated from the linear ex-
trapolation of data below 2 K down to 0 K In order to in-
vestigate the low energy vortex excitation under magnetic 
fields, the vanation of y{H) with H is shown in Fig 6 The 
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FIG. 5. C/T vs 7"^  at very low temperature 
(«5 K) under different magnetic fields. y(H) has 
been estimated from the linear extrapolation of 
data down to 0 K. 
10 IS 20 25 
best fit leads to ></ / )~^ '* as indicated by the solid line. 
Clearly, y{H) follows an H dependence which is very close 
to be linear, especially for H»l T. The slight deviation in 
low H could be due to the vortex-vortex interaction as dis-
cussed in Refs. 22 and 23. The value ofHaiT^O) estimated 
from Fig. 6 using linear extrapolation of y{ff) for H» 1 T to 
y„~ 19.15 mJ/mol K^  is ^rt(r=0) = 11.0±0.5 T. It is noted 
that a pronounced nonlinearity of y(H), seen in UPts,^ * 
CeRu2,^ * and NbSc2, '^ at low magnetic fields, is not obvious 
in the present LiTi204. Theoretically, y(ff) is expected to be 
proportional to H for a conventional j-wave super-
conductor." However, ><//)«/f°' is predicted for a nodal 





^ 1 0 
I 
FIG. 6. Magnetic field dependence of electronic specific heat 
coefficient y{H) derived from the linear extrapolation of data using 
C/r vs 7* plot (Fig. 5) for various magnetic fields below 2 K. 
has been extensively studied in this context. '^ Consequently, 
the magnetic field dependence of yiH) suggests that LiTi204 
is an j-wave superconductor in nature. 
Figure 7 shows the temperamre variation of upper critical 
field HciiT) as obtained from Fig. 4 where the solid line is 
the theoretical fitting based on negligible spin paramagnetic 
and spin-orbital effect by using the Werthamer-Helfand-
Hohenberg (WHH) theory.^ " The error bar in r<.(//) is deter-
mined by the sharpness of the superconducting transition as 
shown in the inset of Fig. 7 for a particular magnetic field of 
6 T. The same procedure is also followed for other magnetic 
fields. The best fit results in (dHJdTc)T^r = \A5 
±0.03(T/K) and consequently //t2(0)= 11.7±0.4 T (Table I). 
It is noted that the value of //c2(0) estimated from WHH 
theory is consistent with the value (11.0±0.5 T) obtained 
from Fig. 6. This consistency implies that the spin-orbital 
interaction in LiTi204 is negligible as considered for the fit-
ting of the data with WHH theory. The small spin-orbital 
interaction is actually expected since Ti is one of the lightest 
transition elements. However, the H^-iifi) of present sample is 
much higher than that (~2 T) predicted by Heintz et al? but 
lower than that (~32.8 T) reported by Harrison et alJ For 
type-II superconductors, the Pauli limiting field Hp(Q) 
= 1.84XlO*re should satisfy the relation'' H^2W^Hp{0). 
Though Harrison et alP concluded LiTi204 to be an extreme 
type-II superconductor, their reported value of//j.2(0) did not 
satisfy the above condition. Our estimated value of //^ (O) 
~21 T (Table I) is higher than //^(O)-11.7 T, confirming 
the typical type-II superconductivity in LiTi204. 
To determine the following important parameters of 
LiTi204, the residual resistivity Prcs~6.9X 10"' fl cm was 
calculated from the formula'^  
[-rf//,2/rfr]r=r=4.48X10V„P., (7) 
It is noted that the calculated Pr„, though much lower than 
the measured value (~5.3X 10~^n.cm) from the resistivity 
data (not shown), is in the same order of magnitude as that 
054519-5 
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(•SRJiT)^ -1.45 (T/K) 
6 8 
T(K) 
FIG 7 Temperature variation of upper criti-
cal field Hi.i(T) of L1T12O4 obtained from Fig 4 
where the solid line indicates the fitting of data 
with WHH theory by which ^^ (^O) ~ 11 7 T is 
estimated The inset shows the example of how 
the error bar of 7"c(//) is determined by the sharp-
ness of the superconducting transition for // 
=6 T data 
reported in Ref. 7. However, the measured value is consistent 
with that reported by Johnston et al} This large discrepancy 
between the measured and calculated p ^ indicates that the 
studied sample exhibits a lot of grain boundaries which 
highly affect its electrical transport properties. The single 
ciystalline LiTi204 may be indispensable fyr solving the 
puzzles of the transport properties. Thermodynamic critical 
field //f(0)~0.320±0.003 T, Ginzbuig-London (GL) 
coherence length fGL(0)~55±3 A, penetration depth 
^ • O L ( 0 ) ~ 1 6 0 0 ± 5 0 A , and lower critical field H^^iQ) 
~26.0±0.3 mT (Table I) are estimated fix)m the following 
relations^ -^^ ^ in the dirty limit by using 7„~4570 erg/ 
cm^K^ (converted fi-om •)'„~ 19.15 mJ/mol K )^, Pr„~6.9 
X 10"' n cm [calculated from Eq. (7)] and //..jCO) ~ 11.7 T, 
//^,(0) = //^(0)(2"2A:r' InKOe, (11) 
//,(0)=4.23y,"^r,Oe, 
&L(0) = {<I>o/[27r//,2(0)]}"^A, 
(8) 
(9) 
\GL(0) = 6.42 X \Q\p,JT,y''' A, (10) 
where the fluxon <Do = 2.0678 X lO' Oe A^ and /<{=\GL(0)/ 
& L ( 0 ) ] ~ 2 9 ± 1 . The values of ^GL(O) an<J >>^ GL(0) are, re-
spectively, higher and lower than those [fcL(O) ~ 25.9 A and 
\ O L ( 0 ) ~ 2 7 3 0 A] reported by Harrison et alP Furthermore, 
Hc\{fi) is in the range of the values achieved from^ the 
M-H curve ( -20 mT) and the fitting of//,,(r)=//^,(0)(r^ 
-1) plot (~25 mT). All the obtained parameters ^GL(O). 
X.OL(0), and K of LiTi204 further satisfy the conditions for 
type-II superconductivity.^ ^ 
All the above estimation of the parameters assumes the 
dirty limit superconductivity in L1T12O4. Consequently, it is 
of interest to estimate the value of mean free path / below T^, 
which should be smaller than that of fcL(O) m *he dirty limit 
The band structure calculations indicate that the Fermi level 
of LiTi204 in the partially filled conduction band lies in an 
electronic structure which is not too far from the free-
electron-like one with a mass renormalization factor '"•" By 
the free electron model with Prej=6 9X 10"' H cm and the 
carrier concentration /i= 1.35X llO -^* cm"^  (Ref 7), the esti-
mated /=32 A is indeed shorter than ^QiSfi) Therefore, the 
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above analysis using Eqs. (7)-(H) in the dirty limit regime is 
self-consistent. In addition, the issue of the mass renormal-
ization factor m the previous literature'"-" was actually un-
solved. A large \,o,= 1.8 was inferred implying a strong 
electron-electron interaction with unknown ongin." One can 
express \oi~^'^K> where \ is the electron-phonon coupling 
constant and \ , manifests the interactions due to the possible 
spin fluctuations and other electron-electron interactions If 
we rewrite Eq. (2) as y„=(\/3)kBV^N(Ef)(\ +\,g,) and as-
sume the theoretical N{EF)=0A6 states/eV atom as achieved 
from the band structure calculations,'"'" then X.,oi=l 53 can 
be obtained from the y„= 19 15(mJ/mol K )^ of present spe-
cific heat data. Therefore, the resultant X.,=X,o,-X=1.53 
-0.65=0.88 suggests a moderate electron-electron interac-
tion in LiTi204, and is more consistent with a Stoner en-
hancement factor ( l - 5 ) ~ ' ~ 2 , which was derived from the 
magnetic susceptibility X=M|A^(£F) / (1- 'S) . ' '" 
Finally, it may be interesting to look over the existing 
transition-metal oxide superconductors, such as, 
BaPbo75Bio2j03 (Ref. 12), BaoeKo 46103 (Refs. 21 and 34), 
Lai.84Sro 16CUO4 (Refs. 35 and 36) and Sr2Ru04 (Ref. 37) for 
comparison. Some of the important parameters along with 
those of our studied LiTi204 are summarized in Table II. One 
would find that the Tc of these superconductors does not 
strongly correlate with their structure, y„,N(Ef),9D, and the 
electron-phonon coupling constant \ . It is also evident that 
the superconductivity of each material occurs at only very 
narrow transition-metal composition. A small amount of 
metal substitution or a little off-stoichiometty for transition 
metal will dramatically suppress the superconductivity. Thus, 
the electronic properties of the transition metals Ti, Bi, Cu, 
and Ru must play a imique role on the occurrence of super-
conductivity. In addition, the superconducting pairing state 
of these superconductors vanes fi"om 5-wave, d-wave to pos-
sible p-v/avt symmetry (Table II). Accordingly, theoretical 
calculations and experimental probes on the energy bands 
need to be done for clarifying these points. Moreover, three 
more transition-metal oxide superconductors Cd2Re207 {T^ 
~ 1 K, Ref. 38), NaojsCoOz- l.SHzO (r<.~5 K, Ref. 39) and 
KOsjOi (7"j~9 K, Ref 40) were reported most recently and 
also have attracted much attention due to their novel normal-
and superconducting-state features It is no doubt that the 
understanding of nature of superconductivity in transition-
metal oxide superconductors will still challenge the scientists 
in the fields of condensed matter physics 
IV. SUMMARY 
In summary, the low temperature specific heat of L1T12O4 
in magnetic fields is presented. Based on the present mea-
surements and relevant theoretical relations, the normal- and 
superconducting-state parameters including electronic spe-
cific heat coefficient •)'„=19 15 mJ/mol K ,^ Debye tempera-
ture 0p=657 K, SC/y„Tc~\ li, superconducting energy 
gap A~1.97meV, electron-phonon coupling constant A. 
~0.65, upper critical field 7/^ 2(0) ~ • 1 7 T, thermodynamic 
critical field f/^(0)~G.32 T, coherence length icJiO) 
~55 A, penetration depth \ .GL(0)~ 1600 A, and lower criti-
cal field / / j | (0)~26 mT are evaluated and compared with 
some of those reported. Combining the results Ca,{T)/y„Tc 
=9.87 exp(-1.58r<./70 and •)<//)a«<"^ we conclude that 
L1T12O4 IS a typical BCS-like, fully gapped, and moderate-
coupling type-II superconductor in the dirty limit. The analy-
sis also suggests that L1T12O4 is a moderately electron-
electron correlated system. 
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The effect of hydrostatic pressure (P) up to 17 kbar on the superconducting transition temperature {T^) of 
the newly discovered intermetallic nonoxide perovskite superconductor MgC^Nij has been reported. T^ is 
found to increase witli increasing P at a rate of </7'c/rfi'~0.0134 to 0,0155 K/kbar depending on the value of 
carbon content x. The absolute value of dTcJdP for MgC,Nij is about the same as that of intermetallic 
>?Ni2B2C {R denotes rare earth) and metallic superconductors but about one order of magnitude smaller than 
that of the most recently and intensively smdied superconductor MgB2. However, the d In T^  ldP~ 0.001 81 to 
0.00224 kbar"' and the rate of change of Tc with unit cell volume (V), (/Inrj/c/ln f—3.18 to -2.58 of 
MgC t^Nij are having the comparable magnitude to that of MgB, with opposite sign. The increase of 7'^  with 
P in MgC^Ni] can be explained in the framework of density of states (DOS) effect. 
DOI: 10.1103/PhysRevB.68.092507 PACS number(s): 74.62.Fj, 74.25.Fy, 74.25.Ha 
Soon after the discovery of a record high-re (~39 K) 
intermetallic noncuprate superconductor MgB2,' a new in-
termetallic nonoxide superconductor MgCNi3 was found^ to 
undergo a superconducting transition at 7'(;~8 K. Though 
the TQ of MgCNij is much lower than that of MgB2, it still 
attracts a lot of attention due to at least having the following 
physical significance related to the present studies. (1) It has 
a perovskite structure as does the 30 K oxide noncuprate 
superconductor Ba|_,KxBi03.^ (2) A high proponion of Ni 
in this compound indicates that the magnetic interactions 
may play a dominant role in understanding its superconduc-
tivity. (3) Its normal state NMR properties are irregiJar^ and 
analogous to that observed in the exotic superconductor 
Sr2Ru04. (4) A typical isotropic f-wave superconductivity^ 
is displayed by the nuclear spin-lattice relaxation rate (1/7]) 
with a coherence peak below TQ. (5) The change from grain 
boundary to core pinning by intragranular nanoparticles near 
TQ proposes that the arrangement of pinning sites in MgCNis 
is unique.* (6) The Hall coefficient and thermoelectric power 
data '^^  show that the carriers in this compound are electrons 
in contrast to MgBa. (7) Energy band calculations'"' dem-
onstrate that the density of states (DOS) of the Fermi level 
(Ef) is dominated by Ni d states and there is a von Hove 
singularity (vHS) of the DOS just below (<50meV) the 
£ p . ' Moreover, the photoemission and x-ray absorption 
studies show that the sharp vHS peak theoretically predicted 
near Ef is substantially suppressed which may be due to 
electron-electron and electron-phonon interactions.'" 
It is well known that the high pressure (P) plays an im-
portant role on the TQ of the metallic and intermetallic 
superconductors.""" In general, P can change the electronic 
structure, phonon frequencies, or electton-phonon coupling 
that affecting the 7c. Both positive and negative pressure 
derivatives, dTcldP, are observed in the metallic and inter-
metallic superconductors.""" For example, simple 
s,p,d-msta\ superconductors" such as Sn, In, Ta, or Hg, and 
the intermetallic superconductor such as the recently discov-
ered MgBj (Refs. 11-13) have shown decreasing TQ with 
increasing P. However, depending on the rare earth site of 
the quaternary borocarbides, /?Ni2B2C (R denotes rare 
eartiis), both an increase and decrease of T^ are obsen'ed 
with an increase of pressure.'''•" In addition, the pressure can 
basically shift the Fermi level (£p) towards higher 
energies''*''^ and thereby provide a probe on the slope of the 
DOS near £p. Moreover, it can also modify tiie magnetic 
pair breaking effect and tune the competitive phenomena be-
tween superconductivity and spin fluctuations. From our 
magnetic field dependent resistivity and specific-heat 
studies,^""' it has been suggested that the MgCNis is basi-
cally a typical BCS-like superconductor. In this report, we 
further present the pressure effects on the TQ of this exotic 
superconductor to testify the above-mentioned unique elec-
tronic and magnetic properties. 
The details of MgCj;Ni3 sample preparation and charac-
terization can be foimd in Refs. 2 and 22. With increasing the 
nominal carbon content, TQ was improved. Depending on the 
values of nominal carbon x, the samples with different TQ'S 
are hereafter refeaed as A (x= 1.0), B (x= 1.25), and C 
(jc= 1.5). Electrical resistivity (p) of MgC^Nij was measured 
by the standard four-probe method. Thermoelectric power 
{S) measurements were performed with steady state tech-
niques. The hydrostatic pressure- (P) dependent ac magnetic 
susceptibility (x»^ data were taken by the piston cylinder 
self-clamped technique."' The hydrostatic pressure environ-
ment around the sample was generated inside a Teflon cell 
with 3M Fluroinert FC-77 as the pressure-transmitting me-
dium. The pressure was determined by using a Sn manom-
eter situated near the sample in the same Teflon cell. In each 
instance, the original value was reproduced within experi-
mental error after the pressure released indicating complete 
reversibility of the pressure effect. 
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MgCNi. sample A 
FIG. 1. Temperature (.T) variation of resistivity (p) and thermo-
electric power (5) for sample A at ambient pressure. Th-t inset 
shows the resistivity (p) of the three samples A, B, and C near TQ • 
Figiu-e 1 shows the temperature dependence of resistivity 
(p) and thermoelectric power (S) for sample A. The inset of 
Fig. 1 displays the p of samples A, B, and C near TQ- The 
variation of p with temperature shows the same trend as re-
ported in the literature^-"^-^' with Tc~l-Sii, 
P300K/PIOK~2.3 and 90%-10% transition width - 0 . 2 K. 
The different values of TQ for three studied MgC^Nis 
samples are mainly due to the carbon stoichiometry.^ "^* The 
temperature dependence of 5 is negative, confirming the car-
riers to be electron type, which is consistent with the pub-
lished results.*-' The nonlinear temperature dependence of 
5 seems to suggest that the enhancement of electron-phonon 
interaction plays an important role in the superconductiv-
ity of MgQNis as in chevrel-phase compounds^' 
Cu| 8Mo6Sg_j,Sev and Cui.gMo4S8_,.Tey. 
Temperature variation of ac magnetic susceptibility (;f„) 
of samples A, B, and C imder pressure (0-17 kbar) is shown 
in Fig. 2. At ambient pressure, TQ (~6.5 K) of sample A is 
the same as that obtained from specific heat '^ but a little 
lower than that from the resistivity data (Fig. 1). The TQ 
(midpoint) for sample A increases fcom 6.56 to 6.79 K wth 
an increase of pressure from ambient to 14.80 kbar as shown 
in Fig. 3, having the rate of dTc/dP~0.Ql5K/khFT and 
dlnTc/dP [ = (VTcKdTc/dP)]~0.O02kbar-\ The simi-
lar trend of pressure effect on TQ for samples B and C is also 
shown in Figs. 2 and 3. The positive values of dTc/dP and 
d In Tc/dP for these three samples are listed in Table I. It is 
noted that these values of rfln Tc/dP (Table I) for MgQNij 
0.0 I r 
-0.5 




FIG. 2. Variation of ac magnetic susceptibility (^Xtc) of samples 
A, B, and C near Tc at various pressures (P). 
lie in the range of ~0.001-0.008 kbar"' of conventional 
superconductors.^' 
For a clear and detailed idea of the pressure effect on the 
TQ of other metallic and intermetallic superconductors, some 
of them are also listed in Table I for comparison. The de-
crease and increase of TQ are observed, respectively, in me-
tallic superconductors Ta and V with an analogous magni-
mde ofdTctdP and d In TcldP as MgC^Nij (Table I). It is 
explained by the decrease of the electron-phonon coupling 
constant in Ta and by the suppression of spin fluctuations as 
well as the increase of electron-phonon coupling in V.""'* 
The magnitude of positive dT^ldP for electron-carrier 
MgC^Ni3 is about the same as that of its three-dimensional 
analog LuNi2B2C superconductor, and the latter has been 
interpreted by an increase of the DOS with P. '* However, 
the negative dT^ldP and d In T^ldP for hole-carrier MgB2 
may be either fi-om a decrease of the DOS (Ref. 12) or by a 
lattice stiffening.'^ 
The change of TQ with the unit cell volume (V) can be 
given by"'"'* 
{VITc)(,dTcldV) = d\wTcld\nV=-l,BITc){dTcldP), 
(1) 
where B is the bulk modulus of the superconductor. Using 
the calculated value of 5 for MgCfNis as 1510 kbar (Ref. 
25) and taking the obtained dT^^ldP and TQ from Table 1, 
the d\nTcld\nV values are found firom Eq. (1), respec-
092507-2 
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\ = N{Ef){I^)/Mi<o^), (3) 
FIG. 3. Pressure (P) dependence of superconducting transition 
temperature (Tc) of samples i4, B, and C. 
lively, for samples A, B, and C as -3.18, -2.58, and 
—2.76. These values are of the same otder of magnitude in 
the MgB2 superconductor ( + 4.16) with opposite sign." 
Since the DOS is sufficiently laige in MgC;r '^i3, produces 
strong electron-phonon coupling' and is supported by its S 
data, the TQ can be expressed by the McMillan formuia^ as 
7'c=(Vl-45)exp{-1.04(1+\)/[/-^*(l+0.62X)]}, 
(2) 
where, /u* is the Coulomb pseudopotential and d^ is the 
Debye temperature. X. is the electron-phonon coupling con-
stant and is given by 
where N{Ef) is the DOS at the Fermi level, (/^) is the 
square averaged electronic matrix element for electron-
phonon interaction, M is the ionic mass, and (w^) is the 
square averaged phonon frequency. It appears from Eq. (2) 
that the change of \ and 6D by pressure will determine the 
sign of dTc/dP. It is well established that the pressure in-
duces the lattice stiffening and generally reduces the 
Tc-'*"'^ However, the DOS effect can either enhance or re-
duce the Tc correspondingly by the increase or decrease of 
N{Ef) due to applied pressure.'*" The dependence of T(- on 
Op is complicated as it appears both in the linear and expo-
nent [being coimected with (w^) in Eq. (3)] terms of Eq. (2). 
Again, the change of exponent X. in Eq. (2) will be more 
effective than that of the linear term 0p in determining T(^. 
Op generally increases by P amplifying the phonon 
frequency" as (a)^) = 0.56D^ and thus may decrease X [Eq. 
(3)], which in turn may reduce TQ [Eq. (2)]. Therefore, the 
positive dTc/dP for MgC;tNi3 possibly originates from the 
increase of A^(£'F) and consequently by the enhancement of 
electron-phonon coupling constant X [Eqs. (3)] if /li* and 
(/^) are less pressure dependent. In addition, P causes not 
only a shifting of the Ep but also a broadening of the energy 
bands. This broadening of energy bands may also increase 
N{Ef). Most recently, Louis and lyakutti" have successfully 
calculated the pressure effects on TQ of vanadium (V). Simi-
larly, the computation of some important parameters such as 
d \nN(Ef)ldP and d In a)ldP of MgC^Nis may be useful for 
quantitative analysis of our data. 
Even though it is unfavorable that strong spin fluctuations 
exist in MgC,Nij ,^' the marginal or unstable spin fluctua-
tions suppressing TQ have not been totally ruled out.' In 
general, pressure reduces the spin fluctuations and increases 
TQ because the spin fluctuations and superconductivity are 
mutually competitive phenomena. This may also be one of 
the reasons for the positive pressure effect on TQ of 
MgCxNi3. Another considerable factor showing a positive 
dTQJdP is the carbon stoichiometry in the sample. Gener-
ally, the deficiency of carbon from the optimum value de-
creases the TQ. The nonstoichiometry of carbon (if any) 
may also affect the energy bands of the sample and alter the 
TABLE I. The superconducting transition temperature Tc (determined from the midpoint of resistive 
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position of £? compared to that expected from theoretical 
energy band calculations'"' for stoichiometric MgCNi3. The 
present investigations for three samples with different carbon 
content and TQ show almost the same positive value of 
dTcldP suggesting that the carbon deficiency does not sig-
nificantly affect the pressure effect of MgQNis on TQ. 
However, it is noted that Kumary et al.^ recently found a 
decrease of Tc up to a pressure of 17 kbar and an increase of 
7"c beyond this pressure using resistivity measurements. It 
may be possible to briefly explain these controversial results 
as followings. (1) The TQ determined from the resistivity 
(transport property) is always higher than that from suscep-
tibility and specific heat (bulk property) measure-
ments.^"^" '^"^^ This may suggest that a small amount of 
higher Tc phase existing in the grain boundaries* supercon-
ducts through percolation effects. (2) The negative dTc/dP 
observed in Ref. 25 using resistivity measurements at low 
pressures may be due to the reduction of grain boundary 
effects by pressure. Once the pressure is applied high enough 
(~ 17 kbar) to overcome the gram boundary effect, tiie bulk 
superconductivity dominates and the positive dT^ldP is 
found to be the same with our results using susceptibility 
measurements. 
In summary, pressure increases 7"c of three inteiTnetallic, 
nonoxide, and perovskite electron-type superconductors 
MgCjNi3. The magnitude of change rate d In T(_ IdP in 
MgQNij is about the same order as thai in MgBi and 
y?Ni2B2C (/? denotes rare eanhs), which lies m ihe range of 
that of conventional superconductors The positive value of 
dTcldP for three MgC,Ni3 samples are almost the same and 
independent of various T^ resulting from different carbon 
stoichiometry The present results of positive dT^^ldP of 
MgCj,Ni3 can be explained mainly by the increase ofdensiiy 
of states by pressure 
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Abstract : Synthesis, structure and properties of the most intensively studied newly discovered intcrmelallic binar\ superconductor MgB, have 
been reviewed up to October, 2002. Though this material was known since l9S0s. it was recently discovered lo be !>uperconductivc with a record high 
T^  - 40 K. The detection of this binary superconductor by a Japanese research group in January, 2001 initialed the basic research to find out other binary 
and temaiy intermetallic superconductors like TaBj, BeBj^j, MgCNij etc. It has a hexagonal unit cell with cell parameters a - .1 1432 A and c - .3.5193 
A. MgB, bulk samples synthesized under high pressure (-3.5 GPa) and high temperature (-1000 "C) has density -2 63 g/cm' The normal state eatrieri 
of MgB} are holes which have been established from the positive thermoelectric power and Hall coefncient measuremenis The e.Mernul pressure 
decreases the critical temperature (T^ .) with SXJiP in the range of -I to -2 K/CPa. The T^  decreases rapidly by the doping of Mn, Li. Co. C. Al, Ni and 
Fe but increases slightly by Zn doping. However, no signiflcanl change of T^  is observed by the doping of Si and Be It is further noticed that the 
anisotropic ratio Y (= H .^,* /H^ .,"-) -I- 5 with lower critical field (H^,) - 25-48 mT and upper critical field, H ,^(0) - 40 T The cruical current density 
(Jj.) of it is as high as 1.3x10* Acm- in the self-field and 9 4x10* Acm- in a magnetic field of 2 T al the temperature of 20 K The inosi interesting 
feature of this superconductor is the appearance of two superconducting energy gaps one A, - 1 92 meV and the other .vi A, - 3 4S I\KV From 
theoretical studies, it is found thai MgB, superconductor has a minimum ol the density ol states (DOS) |ust above the Ferini level which 1.111 .iccouiii 
for the decrease of T^  with the increase of pressure This review mainly deals with experimental results obtained by different icsearch groups working 
on this new superconductor. Since more new and inlcresling results arc expected in near future, Lrilical Ihcorclical analysis ol ilic existing cspciiiiicnial 
data has not been made. We hope to do this work in our next review on ihis subject 
Keywords : MgB,. superconductivity, synthesis, structure, applications 
I'ACS Nos. : OI.30.Rz. 74.25.Fy. 74.70 Ad, 74.25.Ha, 74.25.Ul, 74 62 Kj 
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At the beginning of 2001, after the discovery of high T^ cuprate 
sup>erconductors, researchers all over the world were stimulated 
by the discovery of another new superconductor MgB2 [ 1 ] with 
critical temperature (7* )^ around 39 K higher than (at least by a 
factor of two) the traditional theories predicted was possible. It 
introduced a new binary inter-metallic superconductor with three 
atoms per unit cell. It is cheap to manufacture, easy to work 
with, and will probably become the alloy of choice for the next 
generation of superconducting devices. This superconductor 
(SC) raises many interesting issues. Whether the behavior of 
this SC resembles to the high temperature copper oxide contained 
SC or low temperature metallic BCS type of SC has not yet been 
clearly understood. There are several fundamental questions 
about the mechanism of MgB} superconductor which are yet to 
be addressed. For examples, is MgBj a fully gapped 
superconductor or a multi-gap superconductor ? Is it a 
conventional s-wave superconductor ? 
MgBj has a large critical current density (7^ - 10^ Acm'^) 
with upper critical field WjjCO) -16-18 T [2]. A high number density 
of flux pinning centers is crucial for obtaining 7^- lO' Acm'^ [3]. 
This high value of 7^ confirms the absence of electromagnetic 
granularity [2] and the depairing current density -lO^Acm'^ [3]. 
Simon et al [4] studied the conduction electron spin resonance 
(CESR) in fine powders of MgBj both in the superconducting 
and normal states. From CESR study, they suggested that MgBj 
IS a strongly anisotropic su|}erconductor with the upper critical 
field, WJ2' varying between 2 and 16 T The superconducting 
anisotropy in MgBj was again confirmed by Bud'ko et al [5] 
from magneuzation data. It would be beneficial for the researchers 
to have a fruitful review of this rapidly growing new system of 
superconductor. This review may give sufficient idea for the 
new generation researchers to this field of intensive research 
interest 
2. Synthesis of MgBj 
The MgBj superconductors have been prepared in the form of 
single crystal, polycrystailine bulk, thin film, and wires/tapes In 
the following we will discuss, in brief, about their different 
preparation techniques 
2. /. Polycrystailine bulk : 
The polycrystailine samples were prepared from powdered 
magnesium (Mg:99.9% pure) and powdered amorphous boron 
(B:99% pure) in a dry box [I]. The powders were mixed in an 
appropriate ratio of 1:2, ground and pressed into pellets The 
pellets were heated at 700 °C under a high argon pressure, 196 
MPa, in a hot isostatic-pressing furnace for 10 hours Larbaiesiicr 
et al [2] used Mg flakes instead of Mg powders They used 
different heat treatment history. The pellets were placed on Ta 
foil in alumina boat and fired in a tube furnace in mixed gas 
(95%Ar+5%H2)for 1 hour at 600 °C, 1 hour at 800 "C and 1 hour 
at 900 °C This powder was lightly ground, pressed into pcllcls 
and fired again at 700 "C for one houi Pan ol the powder was 
hot pressed at 800 °C under a pressure ol 10 kbar lor I hour 
Polycrystailine bulk samples were synihcsi/ed (6, 7] undei a 
pressure of 3 5 GPa at high temperature (1000 "C) Bulk materials 
were prepared by high pressure sintering using a cubic anvil 
press and the samples were heated up to 1250 °C [6] The samples 
were pressurized [8-10] at 3 GPa and sintered at 850-9.'S0 "C 
Porous and granular samples were prepared by slowly heating 
up to 950 "C in an evacuated sealed quart/ tube ampoule in Ta 
[II] . Yang et al and Li et al[\3] prepared the polycrystailine 
samples by high-pressure synthesis with pyrophyllite as the 
transmitting medium with prcssuic ol 3-5 GPa and leinpci.iiuio 
~ 100()°C for 15-30 inin. 'llicy 112, 13! got almost pure sample 
with a little amount of MgO and B.,0 High density 
nanocrystalline MgBj bulk superconductors with distinctly 
improved pinning were prepared by mechanical alloying ol Mg 
and B powders at ambient temperatures followed by hot pressing 
[14] 
2 2 Chemical doping in MgB, polycrystailine hulk 
Aluminium (Al) doped samples were synthesized by direct 
reaction method with final heat treatment temperatures 900-
950 °C with or without pressure with different heating times 
using Mg flakes, fine Al powder and amorphous boron powder 
[15]. Mg |_,Alj^B^(0 < X < 0.4) was prepared by almost the same 
technique [ 16]. Li and Be doping were reported by other groups 
[17,18). Ti doped MgB, with an atomic ratio Mg Ti B = l - x 
X . 2 (x = 0-1) were prepared by Zhao et al [19] Hydrogen 
absorption was performed at 100 "C at a pressure of 20 bars-7 
kbars and the hydrogen content was kept Lonstanl (3%/l u ) 
[20]. MgBj superconductor synthesis with boron isotope will 
be available in [21) 
2.3. Thin film. 
The MgBj thin films of thickness 500 nm were synthesized by 
pulsed laser deposition (PLD) technique at room temperature 
onto {111) oriented single crystal SrTiO-, substrates [3] The 
target MgBj was prepared by pressing and sintering [2] The 
deposition was done under 0.3 Pa of Ar The films were annealed 
at 750-850 °C lor 15-30 minutes in evacuated niobiuin/quari/ 
tube. Mg pellets were also included in each tube to prevent Mg 
loss Thin films with thickness 0 4 |jm were fabricated on A1,0, 
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and SrTiO, substrates by two-step method [22]. Si (JOO) 
substrates were used by Blank et al [23] for the process of Mg-
B nims by PLD in an in-situ two- step process using multi-
component targets. The MgBj target was mixed with 50% extra 
Mg powder to avoid the loss of Mg during the thin film 
deposition and special care was taken regarding the color of the 
plasma. The color of the plasma changed from green to blue 
depending on the argon pressure, laser fluencies and ablation 
time. The deposition temperature was varied from room 
temperature (-30 "C) to 300 °C. Growth of MgBj thin films by 
PLD is examined under ex situ and in situ processing condition 
[24]. In ex situ condition, B films (-1000 A) were deposited at 
the rate of 0.035 A/pulse on SrTiOj (,100) or ( / / /) substrates 
and reacted these in a sealed Ta tube with Mg vapor at 900 °C. 
The laser energy density and pulsed repetition rate were 1.5 J/ 
cm* and 10 Hz, respectively, both in situ and ex situ conditions. 
Tlie ambient was vacuum and the background pressure was 
below 10'' Torr. The in situ deposition was also done by three 
different procedures i.e. (i) PLD from MgBj sintered target, (ii) 
PLD of multi-layers of MgBj and Mg followed by in situ 
annealing at high temperature and (iii) PLD of multi-layers of 
Mg and B followed by in situ high temperature annealing. 
2.4. Wires/tapes: 
The Fe or Cu (linked with an inner tube of Fe) tubes were filled 
with MgBj powder, drawn into wires, cold rolled to ribbons and 
sintered at 900 °C [25]. As magnesium in MgBj reacts with 
copper and silver, Jin et al [25] did not use these as cladding 
materials. But Grasso et al [26] used pure metallic tubes of Ag, 
Cu and Ni as sheath materials. The entire process of fabricating 
the metal-sheathed MgBj wires were the same as used in silver 
sheathed Bi-2223 wires/tapes [27-31]. The MgB^ powder was 
packed inside tubes of various diameters (6-8 mm) and wall 
thickness (1-2 mm) with a pressure of 250 MPa using a hardened 
steel piston. The entire loading procedure was carried out in 
argon atmosphere with both ends of the tube tightly closed by 
tin plugs whereas for the preparation of Bi-2212 type 
superconducting wire, powders are loaded in Ag tubes in air 
(27-31 ]. The loaded tubes were then cold drawn into wires and 
finally rolled into tapes of thickness 180 ^m [26]. The 
superconducting filling factor (fraction of total volume of 
conductor filled with superconductor) is an important parameter 
10 control the micro-structural properties and J^  of the 
superconducting wires/tapes. It is found that more filling factor 
causes better micro-structural and transport properties. Grasso 
ci al [26] found the filling factor as 20-30% of the whole conductor 
volume. Suo et al [32] used commercial MgBj powder as the 
precursor material and Ni or Fe as the sheath material. The outer 
diameters (o.d.) of the tubes were 8-12.7 mm and the inner 
diameters (i.d.) were 5-7 mm. The filling factor was found to be 
. 20-28%. Pradhan et al [33] used Mg and B powders as raw 
material instead of MgBj superconductor [25,26]. They filled 
the powder in Ta tube and the tube was inserted into Cu tube. 
After drawing and rolling, it was annealed at 900-950 °C. 
Tungsten sheathed 2 mm long wires with 15 |im i.d. and 180-200 
jjm o.d. were prepared by Prozorov et al [34]. Kumakura et al 
[35] used stainless steel and Cu-Ni tubes and commercially 
available MgB2 powders for the fabrication of the wires/tapes. 
They carried out the packing process in air. They also fabricated 
multi-filamentary tapes using Cu-Ni tubes. They prepared 7-
filament tapes using the wire of diameter 2 mm. The Cu-Ni 
sheathed wire was cut into seven pieces, bundled and inserted 
into another Cu-Ni tube of larger diameter, swaged, drawn and 
cold rolled into multi-filamentary tapes. 
2.5. Single Crystal: 
Though several groups have synthesized the polycrystalline 
MgB, bulk, thin films or wires/tapes, very few groups have 
produced the single crystal of this superconductor. Xu et at 
[36] grew single crystals using vapor transport method [37]. A 
total of 2 gm mass of Mg chips and a B chunk in a molar ratio of 
1:1.9 were sealed in a molybdenum crucible (i.d.=10 mm and 
length = 60 mm) by the electron beam welding. The crucible was 
heated to 1400 °C at a rate of 200 °C/h, kept for 2 hours and 
slowly cooled down to 1000 °C with a cooling rate of 5 °C/h and 
finally to room temperature by switching off the furnace. More 
than 20 thin plate single crystals of maximum size 0.5x0.5x0.02 
mm' were obtained fi-om the inner surface of the crucible. Pradhan 
etal [7] exu-acted golden yellow colored shiny single crystalline 
platelet samples of dimension 250x l(X)x40 jim'. 
3. Structure of MgBj 
Powder X-ray diffraction (XRD) pattern (Figure I) shows that 
the MgBj superconductor has hexagonal unit ceil with cell 
parametersa = 3.1432±0.0315Aandc=3.5193±0.0323A.[21]. 
MgBj remains strictly hexagonal up to the highest pressure 
applied on it and no structural transition is observed [38]. li 
possesses AIB2-typc structure (space group p6/mmm) and has 
a simple hexagonal lattice [39] of closed pack Mg layers 
alternating with graphite like B layers (Figure 2). The B atoms 
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Figurel. Powder X-ray diffraction spectra of Mg'"B, using CuKa radtalion 
indicating (h.kj) values and Si standard (*) [21]. 
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atoms in each plane. Mg atoms are located at the center of the B 
hexagon, midway between adjacent B layers. MgBj exhibits a 
strong anisoiropy in the B-B lengths similar to graphite The 
distance of boron planes is much larger than the in-planc B-B 
distance. The values of unit cell parameters differ from those of 
Figure 2. Crystal structure of MgB, graphitc-type B layers separated by 
hexagonal close-packed layers of Mg [38] 
Nagamatsu et al [1], where the reported values of the cell 
parameters are a = 3.086 A and c = 3.524 A. The a- and c- axes 
lattice constants determined from the {iOI) and (001) peaks for 
thin film are found to be 3.10 and 3.52 A, respectively [22]. Both 
'a' and 'c ' lattice constants decrease with the increase of Al in 
Al doped magnesium diboride [16]. The cell parameters and the 
cell volume remained unchanged after hydrogenation of the 
sample [20]. X-ray procession photograph of single crystal 
revealed the lattice parameters as a = 3 047 A and c = 3 404 A [3] 
Small peaks corresponding to MgO was observed by Kumakura 
etal [35] in the XRD pattern. MgBj bulk samples synthesized 
under high pressure (3.5 GPa) and high temperature (1000 "C) 
has density -2.63 g/cm' [7]. The in-plane lattice parameter 'a' of 
Mgi.^iJBj [17] decreases with x, while the lattice parameter 'c ' 
does not show obvious change. Precise structural information 
on the Mg,_jjAl^2 superconductors in the vicinity oix = 0.5 
was derived from high-resolution synchrotron x-ray powder 
diffraction measurements [40]. Margadonna et al [40] found that 
a hexagonal superstructure, accompanied by doubling of the c 
axis, ordering of Mg and Al in alternating layers, and a shift of 
the B layers towards Al by -0.12 A, was observed. The 
unusually large width of the (001/2) superlattice peak implied 
die presence of micro-strain broadening, arising from anisotropic 
stacking of Al and Mg layers and/or structural modulations 
within the ab plane. The ordered phase survived only over a 
limited range of compositions away from the optimum* = 0.5 
doping level. Chemical bonding and electronic suiicture of MgB^ 
were studied using self-consistent band-structure techniques 
[41]. Analysis of the transformation of the band structure showed 
that the band structure of MgBj is graphite like, with n bands 
falling deeper than that in ordinary graphite 141) These bands 
possess a typically dclocalized and metallic, as opposed to 
covalent, character. The in-plane a bands retain their two-
dimensional (2D) covalent character, but exhibit metallic hole-
type conductivity The coexistence of 2D covalent in-plane and 
three-dimensional (3D) metallic-type interlayer conducting bands 
is a unique feature of MgB, A comparative study of powdei 
and bulk specimens ol MgE^ by electron spin resonance (ESR) 
verified the presence ot intense conduction electron spin 
resonance (CESR) in the normal state [42] A low concentration 
paramagnetic center stemming from the initial amorphous boron 
powders along with traces ol Fe impurities were identified m the 
ESR spectra Intense microwave absorption, that disioi ts CESR 
below T^, was observed in fine powders implying cnhanLcd 
microwave dissipation due to the viscous llux motion The 
porosity decieases and the connectivity increases with the 
increase of sintering temperature as evident from scanning 
electron microgi aphs (SEM) [43] unlike the high temperature Bi-
Sr-Ca-Cu-0 and Y-Ba-Cu-0 type superconducting oxides 
Superconducting grains of hot pressed samples arc well 
connected compared to that of the cold pressed one [8] 
4. Properties of MgB 2 
4 1. Cntical teinpcuittiiv 
Supeiconduciing onset and end point transition temperatures 
asob.scrvcd by Nagainaisu vinl [ 11 lioin icsisin iiy measuicincm 
arc, respectively, 39 and 38 K as shown in Figure 3 Zero field 
cooling (ZFC) and field cooling (FC) al 10 Oe magncitc 
susceptibility measurements also support the onset temperature 
as 39 K (Figure 4) In the following, we shall discuss briefiy the 
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Figure 3 Variation of resisiivi'y of MgB, under zero magnclic field | l | 
(a) External pi cwiiu vjjett 
It IS found that the critical temperature, T^ decreases with the 
increase of pressure (Figure 5) as observed both from the 
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Figure 4 Magnetic susceptibility (;[ ) of MgB, as a Tunction of lemperaturt. 
[I | ZFC and FC stand for zero Tield i.ooling and Held cooling at 10 Oe 
rcspctlivcly 
7 GPa and then followed the purely quadratic equation, 7"^  = 
38 6K - 0 0263 K/GPa x P^ where P !,tands for pressure However, 
Saito etal [44] found the decrease of 7^  qudsi-imearly with applied 
pressuie at a rale of-2 K/GPa which is some what larger than 
that deiived from ac susceptibility measurement namely -1 6 
K/GPa [45] It IS found that T^ decreased linearly and reversibly 
underpressure at the rate dTydP = - l II ±0 02 K/GPa [46] But 
the decrease of T^ from ac susceptibility measurement is in good 
qualitative agreement with the ensuing calculated value of -1 4 
K/GPa within the BCS framework The value of dlnT/dlnV = 
2 0 
n 
+4 I6±0 08 (46| and is also between the known values ul 
conventional sp and d superconductors The dilicicni values 
of the rale ol decrease ofT with the increase ol picssurc by 
vaiious gioups may be duo to llio use ol dillciciK picssuic 
transmitting media As the MgBj superconductor is anisotropic 
in nature, it may be sensitive to non-hydrostatic pressuie 
components Another important point is the sample quality The 
samples used by various groups to study the pressuie 
dependent T^ are different Thus the Mg non-stoichiometry tn 
different samples may be an important factor fordifferent behavior 
ot pressure dependent 7", It is worthwhile to mention that the 
theoretical models [47,48] based on holes predicted an increase 
ofclTJdP as a lesult of decreasing in-plane B-B distance with 
incieasing pressure which causes the hardening ot phonon 
frequencies Thus the experimental results totally contradict the 
Iheoiclical picdictions and the inain leasoii loi iht negative 
dT|/dP IS not an electronic effect It may be due to the strong 
enhancement ol phonon frequency with picssuic which has 
been directly observed by Raman spectroscopy [49] 
(b) Internal pressure (chemical doping) and isotope effect 
Doping effect on both the Mg and B sites of MgB, by suitable 
elements has been widely studied T^ is found to deciease at 
various rates with the doping of different elements though the 
doping of few elements showed either a small increase ol it or 
remain unchanged The T^ decreases rapidly by the doping of 
Mn[50],Li[l7],Co[50],C[5l,52],Al[l6,53],Ni[50]andFe[50] 
But no significant decrease of T^^ is observed by the doping ol 
Si [54] and Be [ 18] However, doping ol Zn [50] incicascs the F^ 
slightly (-1 K) Figure6shows the dependence of resistivity on 
the doping concentration (x) in Mg, ,Al|B-,superconductoi [53] 
It IS found that the T^ is decreased with the increase of v From 
magnetization measurement, Slusky ef al [16] found that the 
sample lost the superconducting property lor x = 0 4 The 
structural and magnetic data taken together indicated that the 
disappearance of bulk superconductivity lor » = 0 4 is due to a 
structuial transition resulted in the partial collapse ol ilic 
140 
Figure 5 Pressure dependence of T^  from ac susceptibility measurement 
The numbers present the sequential order of the experiiiicntal runs [45] 
300 
Figure 6 Resistivity of Mg, Al B2 The insei shows details ntir /"^  j s l ] 
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separation between boron planes, not a change in the B-B 
distance. Though the T^ is decreased with the increase of Al 
doping in Mg site [16, S3], no such effect is observed by the 
doping of C in the B site [51]. The magnetization data (Figure 7) 
of the MgB2.jtCjj (jc = 0 - 0.1) samples [51 ] indicate the same T^  
onset with or without carbon doping. The T^ of Mgi.jLijjBj 
decreases with increase of x and loss of superconductivity 
occurs for X = 0.5 [17]. However, the Be doped'Mgi.^CjBj 
(x=0.15, 0.30) system has the same 7"^ . = 39 K as that of pure 
MgBj, indicating that Be does not replace Mg atoms in the 
• structure [18]. The boron isotope effect forMgBj, reveals a 1.0 
K higher T^ in Mg'^Bj (T^ - 40.2 K) compared to that of Mg' 'B^ 
(7"^  - 39 K) obtained from temperature dependent magnetization 
and specific heat study [21]. The higher T^. might imply exotic 
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nuclear magnetic resonance (NMR) in magnetic fields of 23.5 
and 47 kOe. The magnetic-field distribution at 7= 5 K was Al-
doping dependent, revealing a considerable decrease of 
anisotropy in respect to pure MgB,. The penetration depth A 
Figure 7. Temperature variation of magnetization (M) for MgBi.jC ,^ 
U = 0 - 0.1) samples. The arrows indicate the ZFC and FC magnetization 
at a magnetic Tield of 4 Oe [SI]. 
4.2. Magnetic properties : 
Measurements of the magnetic moment in .superconducting 
MgBj single crystals were reported by Zehetmaycr et at [55]. 
The authors have calculated various fundamental parameters 
from the variation of magnetization with the applied magnetic 
field as discussed in section 4.3. The magnetic-field-dependent 
magnetization measurements on the MgBj superconductor were 
also reported by Dulcic et al [56] where the magnetic 
irreversibility in MgB2 was concluded due to flux pinning or flux 
creep and three dimensional (3D) Hux lattices melting. The 
magnetic susceptibility (Figure 8) of MgB^ [56,57] showed the 
T^ value clearly around 40 K. From the damping of the muon 
precession signal, Panagopoulos et al [58] found the magnetic 
penetration depth (A) at zero temperature to be - 85 nm. The 
low-temperature (< 20 K) penetration depth showed a T^ 
dependence which is a strong evidence of unconventional 
superconducting pairing in MgBj. Pissas etal [59] demoiislrated 
the magnetic-field distribution of the pure vortex state in lightly 
doped Mg,_jjAlj^ 2 (Jt < 0.025) powder samples, by using "B 
Figure 8. Tcmpcralurc dependence o( magnetic susccpiibiliiy ( / ) ol 
MgU, Measured al H = IT j.";?). 
of MgB2 was deduced both from the ac susceptibility X and 
the iTiagnetizaiion M(H) of sorted powders [60]. The good 
agreement between the two sets of data without geometric 
correction for the grain orientation suggested MgBj to be an 
isotropic superconductor [60]. The magnetic susceptibility 
above T^. showed Pauli paramagnetism with a subslaniial T 
dependence [57]. The magnetic relaxation rate had very weak 
temperature dependence [61] below \I2T^ showing a clear 
residual relaxation rate at 0 K, which could not be easily explained 
as due to thermally activated flux creep. Furthermore, the 
relaxation rate had strong field dependence. The fiux dynamics 
of thin films was very similar to that of bulks although the 
relaxation rate in thin film was systematically higher than thai of 
a bulk sample. All the results obtained from bulk and thin film 
suggested that ihc quantum effects, such as quantum 
lluctuation and tunneling, might dominate the (lux dynamics. 
The magneiotranspori data on dense wires of MgBj in applied 
magnetic fields (up (o 18 T (62|) showed that the tciiipcraiuiv 
and field dependencies of the electrical resistivity were 
consistent with MgBj behaving like a simple metal and following 
a generalized form of Kohler's rule. A(T,H<130 Oe)showcda 
strong diamagnetic downturn below 10 K [34] which was 
completely suppres.sed by adc magnetic field of 130 Oe. A theory 
for the proximity effect in the clean limit, together with an 
assumed distribution of the Mg layer thickness, qualitaiivciy 
explained the field and temperature dependences of the data. 
4.3. Critical fields (H^., and H^,) : 
The lower critical field, W .^|(0) of a well-shaped cylindrical dense 
sample was found to be 1760e[63].The4A (D = A (r)-A(O) 
was found to be proportional to temperature T below 20 K. 
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However, from the isotropic s-wave BCS theory [63], 
4A(r) /A(0) - 3.3 (T^ry^ exp(-A/kgT) where A is the 
superconducting energy gap and kg is the Boltzman constant. 
Thus the behavior of this superconductor is different from the 
isotropic s-wave superconductor and found to have anisotropic 
energy gap. It was found that a linear relation of //^.|(T) also 
appeared in the whole temperature region below 7^. Furthermore, 
a finite slope of <///^,/</rand dX{T)ldT remained down to the 
lowest temperature (2 K). The anisotropy ratio, ydccreased in a 
monotonic fashion [64] from 7 (at T= 1.8 K) to 4 (at 7 = 35 K) 
with increase of temperature. It was found that H^^ ^^^ linearly 
dependent on temperature near T^ and the dc irreversibility field 
exponent was -1.4 [56]. //^j of thin films obtained from 
measurement of the field dependence of the resistivity 
(Figure 9) was estimated to be more than 15 T at 20 K [65]. From 
figure 9, we see that the critical field H^^ increased with the 
decrease of temperature and the 7 decreased with the increase 
E u 
8 
5.0 10.0 ISO 20.0 25.0 30.0 
Temperature (K) 
35.0 40.0 
Figure 9. Resistivity vs. temperature for MgB, film [6S] on c-plane 
sapphire substrate in dirfetent applied magnetic ftteds (0-8T). The inset 
shows the upper critical fleld (Z/^ ,) of the film. The onset temperature, 
temperature for maximum dpidT and end point temperature aiv indicated 
respectively by solid diamonds, open circles and solid squares. 
of magnetic field. Zehetmayer et al [55] found from magnetic 
moment measurement that /X(jW^2(0) = 3.2 T, ^o^c2 (0) = 
14.5 T, y = H^ IHI2 = 4.6, fioH.m = 0.28 T, MoH^iiO) = 
22 mT, tioH^i (0) = 63 mT, A^^  (0) = 82 nm, X, (0) = 370 nm, 
^ab (0) = '0-2 nm, ^^ (0) = 2.3 nm and Ginzburg-Landau (GL) 
parameter Jf(7^) = A / $ = 4.7, where Y is the anisotropy ratio 
and ^ is the coherence length. The//^jofpo'y^TstallineMgBj 
at 10 K was found to be 14 T [2]. But//^^'" polycrystalline MgBj 
was enhanced and the magnetic-field-induced broadening was 
significantly reduced with incresising grain size [7], probably 
due to reduced contamination at the grain boundaries. Single-
crystalline MgBj exhibited [7] remarkable anisotropy oiH^2^T) 
and irreversibility field //*(7) with anisotropy ratio y ~ 3±0.2. 
The large broadening of the superconducting transition for the 
HII cdirection indicated a significant suppression olH'iJ) below 
/ /^ j ' ' , giving//*''(T)-0.71 A/^j' (^- '^" accurate and complete 
H^.2(T) curve detentiined [62] by using the electric transpori 
measurement up to 18 T. H^2^T) indicated a linear variation with 
T over a wide range of temperature (7 K = 7= 32 K) and had an 
upward curvature forTclose to 7^  [62]. These features arc similar 
to those ofother high GL(Ginzburg-Landau) parameter «: .clean 
limit, boron-bearing intermeiallics superconductors, 17';. YNi,BiC 
and LuNljBjC [62]. The bulk upper critical field W,i(7) ol 
superconducting MgBj and its anisotropy were cstabli.siicd |66| 
by analyzing experimental data on the tempeialure and tnagnctic-
field dependences of the aii-plane thermal conductivity ol a 
single-crystal sample in external magnetic fields, oriented both 
parallel {H^.^) and perpendicular (//,,"'') to the c axis ol the 
hexagonal lattice. From numerical lils, the authors [661 deduced 
the anisotropy ratio y =4.2atT = () K. Both the values and ilic 
temperature dependences of H^^ "^"^  W^V'' were distinctly 
different from the previously claimed values obtained from the 
measurements of the electrical resistivity. An irreversibility line 
strongly shifted towards higher magnetic fields resulting in 
W,„(7)-0.8 W,.2(7), whereas typically H,„(7)-0.5 H,,(7) was 
observed for un-textured bulk samples [14]. These values 
exceeded from those of all other reported bulk samples and were 
in the range of values obtained for thin films. 
4.4. Critical current density : 
The nanocrystalline samples [14] revealed y, = lO'Acm"-ai20K 
with 1 Tmagnetic field (Figure 10). The improved pinningol ihis 
material, which mainly consisted of spherical grains about 40-
100 nm in size, was attributed to the large number of grain 
boundaries in thenanocrystalline state. The magnetic field and 
angular dependence of i^ at various temperatures between 32 
and 38 K indicated pinning by point pinning centers and was in 
good agreement with the predictions of anisotropic Ginzburg-
Landau model [67]. Anisotropy parameter (Y ) of 2.55 was 
determined from the scaling behavior of 7, [67]. The y_ ol Ti 
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Figure 10. Critical cwreni density (J) calculated from magnciizaiioii 
data [14] The inset shows the magneiizalion loop at 24 K (SQUID djia) 
wiih two jumps al low inagnclic fields 
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the doping level, and the best result achieved for x = 0.1 [ 19]. At 
5 K, they, reached 2x10* Acm"^  in the self-field and 5x10'' 
Acm"^  in 5 T field. At 20 K, the J^. was still as high as 1.3x 10* 
Acm-^  in the self-field and 9.4x10* Acm-^  in a field of 2 T. It was 
further observed that partial melting occurred in the Ti-doped 
samples [19], resulting in an excellent grain connection and 
extremely high current density. In addition, some fine particles 
(with sizes from 10 to 100 nm) of the second phases induced by 
Ti doping were distributed in the MgBj matrix, and this played 
an important role in flux pinning enhancement. However, the 
shielding signal decreased monotonically with C content in 
MgB2.^ C^ (or = 0- 0.1) samples, which may be due to the carbon 
on the grain boundaries that isolated grains and prevented flow 
of super-currents on the perimeter [51]. 
4.5. Thermoelectric power: 
Measurement of thermoelectric power (TEP) is an important tool 
to determine the type of carriers in the material. Sign of TEP are 
positive and negative respectively for the hole and electron 
type carriers. The TEP of MgBj is positive and decreases with 
the decrease of temperature [45]. Thus the carriers of this inter-
metallic superconductor are hole-type. However, the TEP with a 
positive sign showed [57] a linear increase up to -150 K but 
indicated a saturated behavior at higher temperatures, which 
suggested the existence of two types of charge carrier. Though 
the pressure decreases 7"^  [ 15,44-46], the TEP value is found to 
increase with pressure [68] as evident from Figure 11. The results 
showed that the metallic hole carriers from a bands are 
important to explain the temperature dependence of TEP. The 
decrease of 7"^ . and increase of TEP with pressure [68] were 
explained by the two metallic bands (hole and electron bands) 
model. The density of states (DOS) of both the bands decreased 
with the increase of pressure but the electron band gave larger 
eR^ ect due to the anisotropic compressibility. As the DOS at the 
Fermi level, N(,Ef) decreases, the T^ will be decreased from that 
obtained from the Macmillan formula [69] and as the electrons 
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Figure 11. Pressure dependent thermoelectric power (S) of MgB,. A is 
the slope of ihe linear-T dependence curve between T^  and 120 K [68]. 
The inset shows the magnified low temperature region. 
of the hole carrier superconductivity. The chemical pressure 
effect by doping of Al in MgBj also showed the increase of TEP 
with the increase of doping [53] though the doping decreases 
the revalue [16]. 
4.6. Thermal conductivity : 
Thermal conductivity {k) of single-crystalline hexagonal MgB, 
in normal state, superconducting state and in mixed state have 
been elaborately studied by Sologubenko et al [70] both in 
presence and absence of magnetic fields. Theai-plane thermal 
conductivity (k) as a function of magnetic field H with 
orientations both parallel and perpendicular to the c axis and at 
temperatures between 0.5 and 300 K has been investigated [70]. 
In the mixed state, k(H) at constant temperatures, revealed 
features that were not typical for common type-II 
superconductors. A nonlinear temperature dependence of the 
electronic thermal conductivity was observed in the field-induced 
normal state at low temperatures. This behavior was at variance 
with the Wiedemann and Franz law, and suggested an unexpected 
instability of the electronic subsystem. The thermal conductivity 
(Figure 12) showed suppression below T^ without a clear anomaly 
at T^ which is considered to be as a result of the reduction of the 
normal charge carrier concentration below T,. [57]. 
I 
Figure 12. Temperature dependence of thermal conductivity (t) of MgB, 
below 60 K (57). The dashed line is the guide to the eye The insets (a) and 
(b) show those upto 10 K and 250 K respectively. 
4.7. Hall effect: 
The mixed-slate Hall resistivity Pn and the longitudinal 
resistivity p^, in superconducting MgB, ihin films have been 
measured as a function of the magnetic field over a wide range 
of current densities from 10^  to 10* Acm"^  [71]. A universal Hall 
scaling behavior was observed [71] with a constant exponent 
P of 2.0±0.1 in p^, = Ap^/ , which was independent of the 
magnetic field, the temperature, and the current density. This 
result was interpreted well within the context of theories. Jin et 
al [72] have investigated the temperature and magnetic field 
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dependence of the Hall coefficient (Rfj) of two well-characterized 
superconducting MgBj films (7^^ = 38 K) both in the normal and 
superconducting states. Their results showed that the normal-
state R[/ value was positive (Figure 13) and increased with 
increasing temperature, independent of the applied magnetic 
field. They also found that y?„' « 7(40-300 K) and the Hall 
angle d„ followed cot d„ « 7^(100-300 K). As the sample was 
cooled below r^(H), Rfj decreased rapidly with temperature and 
changed its sign before it reached zero. The position and 
magnitude at which R^j showed a minimum depending on the 
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Figure 13. Temperature dependence of (a) R„ and (b) Icngitudinal 
resistivily of MgB, ihin Tilms [72] ai different magnetic fields (0-8T). 
4.8. Specific heat : 
Yang etal [12] have measured the low-temperature specific heat 







Figure 14. Temperature variation of specific heal of MgB, at // = 0 and 
8 T [12]. The anomaly around 39 K manifests the bullc superconductivity. 
The inset shows C/T vs. T. 
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C/T VS. r curves for polycrystalline MgB2 [12] at H=0 and 8T. 
Figure 15 shows the 4 C / T v^ - temperature for polycrystalline 
MgBj [ 12] where AC = C(H)- C(8r ) . Together with the small 
specific heat jump ACIyT^ = 1.09, y being the anisotropic 
parameter stated as the anisotropic j-wave or multicomponent 
order parameter, Yang etal{\ 2] observed that the magnetic field 
dependence of anisotropic parameter y{H) was neither linear 
for a fully gapped 5-wave superconductor nor//"^ dependent 
for nodal order parameter. Thus, the intriguing behavior of y (//) 
was associated with the intrinsic electronic properties other than 
flux pinning. Boron isotope effect was studied [21 ] on the C(T) 
of MgB2. C(T) ofMgBj, in the temperature range between 3 and 
220 K, were reported by Wiilti et at [73]. Based on a modified 
Debye-Einstein model, the authors [73] have achieved a rather 
accurate account of the lattice contribution to the specific heat, 
separating the electronic contribution from the total measured 
specific heat. From their result for the electronic specific heat, 
they estimated the electron-phonon coupling constant <p to be 
of the order of 2, significantly enhanced compared to common 
weak-coupling values < 0.4. Their data also indicated that a 
conventional, i-wave type BCS model could account for the 
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FigurelS: Variation of AC/T = (C(W) - C{iT))/T with temperature at 
different magnetic fields (0-2T) for polycrystalline MgBj [12]. 
4.9. Optical propertiex ; 
X-ray emission and absorption spectra of the constituents of 
MgBj presented by Kurmaev etal [74] were in good agreement 
with the calculated X-ray spectra, taking dipole matrix elements 
into account. The comparison of X-ray emission spectra of 
graphite, AlBj, and MgBj in the binding energy scale, supported 
the idea of charge transfer from a lo n bands, which creates 
holes at the top of the bonding c bands and drives the high-7" .^ 
superconductivity in MgBj. A c-axis oriented thin film and a 
high-density sintered pellet of MgBj have been studied by 
X-ray photoemission spectroscopy and the measured valence 
band was consistent with the calculated density of states [75]. 
Raman and infrared absorption spectra orMg^.^AI^B, have been 
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studied by Postorino et al [76] forO S x S 0.5 in the frequency 
range of the phonon spectrum. The data showed a remarkable 
dependence on the Al content and the suppression of the 
superconducting phase at high Al content was established from 
the spectra [76]. Goncharov et al [77] reported Raman spectra 
and synchrotron x-ray diffraction measurements of lattice 
parameters of polycrystalline MgBj under hydrostatic pressure 
up to 14.7 GPa. An anomalously broadened Raman band at 620 
cm"' was observed (Figure 16) that exhibited a large linear 
pressure shift of its frequency. Hlinka et al [78] presented a 
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Figurel6. Raman spectra of MgB, al cicvalcd pressures (0-14.7 GPa). 
The excitation wave length was SU.S nm [77]. 
phonon mode in MgBj crystal. It was shown by polarized Raman 
scattering on a few-micron-size crystallites with natural faces 
that the observed broad Raman feature obeyed the selection 
rules of an Ej . mode. Raman spectra on high quality 
polycrystalline superconducting MgB2 wires revealed a very 
symmetric E~ phonon line near 615 cm"' with the room 
temperature line width of 260 cm"' only. Microwave surface 
impedance measurements were carried out in applied magnetic 
fields up to 8 T [56]. The low-field data showed an absence of 
weak links in the superconducting state. By inverting the surface 
impedance data, the authors [56] found a vortex depinning 
_ frequency that decreased with increasing magnetic field, which 
was characteristic of collective pinning. Andreev reflection 
tunneling spectroscopy on MgBj/PtIr point contacts has 
systematically been investigated [79] to find the 
superconducting energy gaps. By fitting the tunneling 
conductance to Blonder-Tinkham-Klapwijk (BTK) theory [80], 
j-wave superconducting gaps were resolved [79]. 
4.10. Mechanical properties : 
Cordero et a/ [81 ] measured the complex dynamic elastic modulus 
of MgBj between 1.3 and 650 K at frequencies included between 
5 and 70 kHz by anelastic spectroscopy. The Young's modulus 
presented an anomalous softening on cooling below 400 K and 
hysteresis between cooling and healing. Intense relaxaiion 
processes, however, could account for such anomalies, wiih 
maxima between 50 and 150 K. Additional intense relaxation 
processes were observed above room temperature, and their 
possible origin was discussed [81]. The influence of the highly 
anharmonic in-plane vibration modes of the B atoms on the elastic 
and anelastic properties of MgBj was discussed in detail [46]. 
MgBiyielded the bulk modulusB= 147.2 + 0.7 GPa[461. 
4.11. Acoustical properties : 
Temperature dependent clastic constants and ultrasonic 
attenuation of polycrystalline MgBj were reported [82). An 
electromagnetic acoustic resonance method detected the 
specimen's resonance frequencies, from which the authors [82] 
derived the elastic constants for nonporous MgE, using 
micromechanical calculation. The bulk and shear moduli 
extrapolated to 0 K were determined to be 96.6 GPa and 74.2 GPa, 
respectively, which gave the Debye temperature OQ = 819 K 
and the elecu^on-phonon coupling constant 0= 0.76-0.89 using 
McMillan formula [69]. In the temperature behavior of ultrasonic 
attenuation, two anomalous peaks were observed near 30 K [82]. 
4.12. Positron annihilation properties : 
Pujari et al [83] reported results on two-detector coincidence 
Doppler and lifetime spectroscopic measurements as a function 
of temperature (12-300 K) in the MgB, superconductor. 
Coincidence Dopplcr measurements in Mg. B, and MgB, 
indicated that the positrons annihilate primarily in the boron 
sublattice in MgBj. The positron lifetime in MgB, was seen to 
decrease at the onset of superconductivity. These results 
provided direct evidence of charge density fluctuations in the 
boron layer associated with the superconducting transition. 
5. Energy gap of MgB] and type of superconductivity 
The most arguable and controversial issue of MgBj 
superconductor since its discovery [1] is the superconducting 
energy gap and the type of superconductivity. Far-infrared 
reflectance of MgB2^film has been measured by Fourier-
transform spectroscopy for frequencies 10 cm"'< v < 4000 cm"' 
above and below the superconducting transition by Pimenov et 
al [84]. The data provided clear experimental evidence for the 
onset of a superconducting gap at 24 cm"' at T = 5 K. On 
increasing the temperature, the gap energy is increased, contrary 
to what is expected in isotropic BCS superconductors. The small 
zero-temperature gap value and its unconventional increase on 
increasing temperature were explained by a highly anisotropic 
or multiple gap function. The distribution of the obtained gaps 
from Andreev reflection tunneling spectroscopy [79] 
unequivocally showed two groups: one centered at 9.8 nicV 
and the other peaked at 2.8 meV with a gap ratio ofS.5. For two 
typical gaps 4, = 1.92 meV and 4 , = 3.45 meV, their 
temperature-dependent behavior displayed that 4, (7") 
unambiguouslypersistedtothebulkr at39K, and A^ (7) closes 
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to 33 K. In Al-doped MgBj, the result of nuclear-spin-lattice 
relaxation rate l/T,, where T, is the spin-lattice relaxation time, in 
the superconducting state revealed that the size of the gap was 
not changed by substituting Al for Mg [85]. The reduction in T^ 
by Al doping was shown to be due to the decrease of the density 
of states at the Fermi level N(Ep). According to the McMillan 
equation [69], an experimental relation between T^ and the relative 
change in N^Ef) estimated a characteristic phonon frequency 
a -700 cm'' and an electron-phonon coupling constant 0 ~ 
0.87. These results suggested that the high-T^ superconductivity 
in MgBj is mediated by the strong electron-phonon coupling 
with high-frequency phonons. Specific heat, C(T) below 10 K 
vanished exponentially [12], which unambiguously indicated a 
fully opened superconducting energy gap. However, this gap 
was found to be too small to account for T^ of MgBj [12]. 
Removal of the Mg by chemical etching [34] from the surface of 
MgB} resulted in an exponential temperature dependence for 
penetration depth X{T,H) with an energy gap of 
24(0) / T; = 134 [4(0)« 2.61 meV]. The tunneling spectfa [86] 
exhibited BCS-like gap su^ctures, with gap parameters in the 
range of 5 to 7 meV. yielding a ratio of 2A/ kgTc -3-4 . This 
suggested that MgBj as a conventional BCS 5-wave 
superconductor, either in the weak coupling or in the 
'intermediate coupling' regime. The boron isotope effect in MgB2 
was consistent with the material being a phonon-mediated BCS 
superconductor [21]. The standard Ginzburg-Landau and 
London model relations led to a consistent data set and indicated 
that MgBj was a clean limit superconductor of mtermediate 
coupling strength with very pronounced anisotropy effects [55]. 
The behavior of thermal conductivity [70] was not typical for 
common type-II superconductors and was attributed to be 
associated with the field-induced reduction of two 
superconducting energy gaps, significantly different in 
magnitude. It has been concluded [45] from pressure effect study 
that the electron-phonon interaction plays a significant role in 
the superconductivity of MgBj. The results of pressure 
dependent study supported the emerging picture that MgB^ is 
a BCS superconductor with electron-phonon pairing interaction 
[46]. Masui etat [87] extracted phonon contributions from the 
transport properties of MgB} single crystal. The temperature 
dependence of the in-plane resistivity was well explained by the 
Bloch-Griineisen formula with the Debye temperature 0o -
400 K, taking into account an additional conUribution of the Ej, 
phonon mode (-890 K). From the thermoelectric power, the 
authors [87] found a phonon-drag peak around 70 K, which 
gave a consistent estimation of OQ with the resistivity result. 
Thus from the above discussion, it seems that MgBj is a 
conventional BCS type i-wave superconductor with two energy 
gaps. But this IS still controversial as some groups reported 
differently and needs to be clarified 
6. Theoretical studies 
Ravindran«fci/[88] have made electronic structure calculation!, 
for MgB, and closely related systems for understanding the 
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unexpected superconducting behavior of MgBj. Their calculated 
Debye temperature (GQ) from the elastic properties indicated 
that the average phonon frequency (v^ ,,,) was very large in MgBj 
compared with those of other superconducting intermctallics 
and its exceptionally higher 7"^ can be explained through a BCS 
mechanism only if phonon softening occurs or the phonon 
modes are highly anisotropic. They [88] have found that Fermi 
energy Ep, in the closely related compound MgB^, was lying in 
a pseudogap wuh a negligibly small density of states at Ef, 
which was not favorable for superconductivity The same 
authors [88] also calculated the single-crystal elastic constants 
forMgBj by the accurate full-potential method and derived the 
directional-dependentlinear compressibility. Young's modulus, 
shear modulus, and relevant elastic properties from these results 
Ravindran et al [88] have observed large anisotropy in the elastic 
properties consistent wuh recent high-pressure findings Their 
calculated polan/cd optical dielectric tensor also showed highly 
anisotropic behavior even though it possessed isotropic 
transport property The mixed bonding character of MgBj has 
been verified from density of states (DOS), charge density, and 
crystal orbital Hamiltonian population analyses [88] The BCS 
'electron-phonon' mechanism and the unconventional 'hole 
mechanism' have been proposed for the explanation of high 
temperature superconductivity observed in MgB, [48] The 'hole 
mechanism' predicted that T^ would drop rapidly to zero as holes 
are added, while the 'electron-phonon mechanism' appeared to 
predict increasing T^ for a substantial range of hole doping [48] 
The frequency and momentum dependent dielectric function 
£iq,(0) as well as theenergy loss function Im [e"' (9.<u)] were 
calculated [89] by using the plane-wave pseudopoieniial method 
and the tight-binding version of the linear muffin-tin orbital 
method. Zhukov etal [89] found two plasmon modes dispersing 
at energies -2-8 eV and -18-22 eV. Both plasmon modes 
demonstrated clearly anisotropic behavior of both the peak 
position and the peak width The specific heat C and the 
electronic and phononic thermal conductivities it, and k . were 
calculated [90] in the mixed state for magnetic fields H, near 
upper critical field H^2< mcluding the effects of supercurrent 
flow and Andreev scattering. The resulting function C(H) was 
nearly linear, while k^(H) exhibited an upward curvature near 
H^2- The slopes decreased with impurity scattering in agreement 
with the experimental data. The ratio of normal and 
superconducting state phonon relaxation times 
T„ / T , = g(.oiQ,H), where (OQ is the phonon energy, smeared 
out around 0Q = 24 and tends to unity for increasing H This 
led to a rapid reduction of k Aff) in MgBj fqr relatively small 
fields due to the rapid suppression of the smaller energy gap A 
model by Mazin et al[9\] predicted strong suppression of 7^^ by 
interband impurity scattering and, presumably, a strong 
correlation between the 7, and the residual resistivity Md/in et 
a/[91] argued that this lad could be understood il the band 
disparity of the electronic structure ol boih supcrt-onduoiing 
and normal stales were taken into account Band siruciurc 
calculations indicated that Mg was substantially ionized, and 
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the bands at the Fermi level derived mainly from B orbital [92]. 
Strong bonding with an ionic component and considerable 
metallic density of states (DOS) yielded a sizable electrot>-
phonon coupling. Kortus et al [92] estimated high phonon 
frequencies in the range between 300 to 700 cm"' which 
produced a high T^ consistent with experimental results. The 
DOS of MgBj and its constituents [92] are shown in Figure 17. 
Similar behavior of the DOS was also reported by Ravindran et 
al [88]. The DOS has a minimum [88,92] just above the Fenfli 
level {Ef) which can explain the decrease of T^ with the increase 
of pressure, as the pressure shifts the £^ to higher energies and 
T^ is directly proportional to N{Ef) from Macmillan formula [69]-
-5 0 
Energy (eV) 
Figure 17. Total density of states (DOS) of MgBj. The DOS of (he 
constitueots Mg and B as well as interstitial tX>S are also presented [92]. 
DOS of MgB,, Mg, B and interstitial are shown respectively from the top 
to bottom of the figure. 
7. Applicatioti 
Copper oxide based high temperature cuprate superconductors 
(HTSC) are limited in their use as their critical current density 
(J^) is governed by many factors like size of the superconducting 
grains, intra and inter grain connectivity, texture of the 
superconducting grain etc. Though the wires/tapes made of 
HTSC can be operated above liquid nitrogen temperature (77 
\ K), these are expensive due to the use of 7©% silver for 
fabrication. MgBj offers the possibility of a new class of 
superconducting materials having low cost and high 
performance for magnetic and electronic applications. The 
advantages of MgBj are its lower anisotropy compared to that 
of HTSC, larger coherence lengths and comparatively cleaner 
grain boundaries to current flow. Its high T^ value, simple crystal 
structure, large coherence lengths, high critical current densities 
and Fields promise that MgBj would be the most probable 
candidate for large scale applications and devices. Considering 
its higher T,, J^ values and low cost compared to the existing 
inetallic superconductor NbTi etc., there is an immense 
possibility of MgBj to be emerging out as the next generation 
superconductor for technological applications. It would also 
provide higher operating temperature compared to the present 
Nb based electronics with higher device speed. 
8. Conclusions 
The preparation and characterization of MgBj superconductor 
in the form of bulk, thin film, single crystal and wires/tapes have 
been reviewed up to October, 2002. Its superconducting 
transition temperature (T )^ is - 40 K and anisotropic ratio 
r (.=H^{^IH^^) -1-5 with lower critical field («, ,) - 25-48 mT 
and upper critical field, HM) ~ 40 T. The critical current density 
(Jj) is as high as 1.3x10^ Acm'^ in the self-field and 9.4x10* 
Acm'^ in a magnetic field of 2 T at the temperature of 20 K. The 
thermoelectfic power and Hall coefficients are positive indicating 
hole-type carrier in MgB, in normal slate. Ii has iwo 
superconducting energy gaps A^ ~ 1.92 mcV and 4 , -
3.45 meV. This superconductor has a minimum density of states 
(DOS) just above the Fermi level. The isotope effect on the 
superconducting properties, the linear T dependence of H^ 2 
with a positive curvature near T^ and the shift of T^. to lower 
temperatures with increasing magnetic field indicate that it is a 
conventional f-wave BCS type superconductor. On the other 
hand, the quadratic temperature dependence uf the pcnciruiion 
depth as well as the sign reversal of the Hall coefficient near T^ 
indicates an unconventional superconductivity like high-7^ 
cuprates. Intensive research is still going on to solve these 
basic controversies. Though the raw materials are cheap and 
easily affordable, the requirement of high pressure (> 3 GPa) to 
synthesize this superconductor makes it difficult to manufacture 
in an ordinary laboratory without having high pressure facility 
for material synthesis. However, this minor problem could be 
easily solved if MgBj with its doped family are found to replace 
the NbTi type liquid He- based superconductors. 
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Abstract 
Critical teiiq)eratuies {T^ and critical currents (Z )^ of Pb-Bi-Sr-Ca-Cu-O (PbBiSCCO) stq>eTconductors containing 10, 
25 or 30 wt% Ag or AgCu or Agin are reported. Specimens of 24-h annealed, 10 wt% added metal/alloy composites show 
the highest critical currents, which is much higgler than pure PbBiSCCO. Sanq)les annealed for 24 h bestow better transport 
proper^ than the 4 8 4 annealed sanq>les for the same composition. The connectivity effect of metal/alloy between 
superconducting grains can explain Ais finding. The I^ of Agin composites is superior to AgCu but inferior to Ag 
composites. This finding is explained in terms of siq>ercunent transport prc^rties. ® 2002 Elsevier Science B.V. All rights 
reserved. 
Keyvvords: Si4>erocoduclor, Silver, Silver-copper alloy; Silver-indium alloy; Critical tenq>eratures; Critical currents 
1. Introduction 
Three supercoaducting phases have been identi-
fied in the Bi-based siqterconductor system. Their 
nominal compositions are ^proximately given by 
the general formula Bi2Sr2Ca,_|Cu,02n+4> where 
n is the number of CUO2 layers [1]. The &ree phases 
are 2201 (n = 1, J. « 20K), 2212 (« = 2, T, « 85 K) 
and 2223 (n = 3, 7; » 110 K). Bi-based supercon-
dactors are of distinct interest for practical applica-
tion as these diree phases maintain a more static 
oxygen stoichiometty ratio in air dian yttrium-based 
superconductor (YBa2Cu307_j) and they are less 
toxic than thallium-based superconductors (Tl-Ba-
Ca-Cu-0). They do not need high oxygen pressure 
• Tel./iBx: -Wl-571-401001. 
E-mail addresses: smollah@rediffiiiail.com, 
pbt23msm@amu.up.nic.in (S. Mollah). 
to synthesize. These are also easy to prepare and the 
raw materials are of low cost. But diese supercon-
ductors are usually brittle and very difficult to pre-
pare in the form of •wiies/tapes for practical use. To 
improve their ductility without impairing the critical 
current density (J^), the bulk superconductor is pro-
cessed as a composite material adding a high volume 
fraction of metal or alloy. In these composites, 
metal-superconductor interfaces are formed. These 
composites are considered as a dispersion of strongly 
siq)erconducting granular islands embedded in a 
metallic matrix. The volume firiction of supercon-
ducting phases, the relatiye orientation of supercon-
ducting grains and the coimection between them 
affects the J^ as well as weak links formed at 
metal-superconductor interfaces [1-3]. Low values 
of grain boundary J^  pose severe problems for large 
current applications of high-temperature supercon-
ductors and the enhancement of J^ is a key issue for 
00167-577X/02/$ - see 6ont matter O2002 Elsevier Science B.V. All rights reserved. 
Pn: S0167-577X(01)00384-6 
241 
160 S Mollah/Matenals Letters 52 (2002) 159-165 
their furdier advancement. The transport properties 
are influenced both by flie weak Unks and the cou-
pling of the superconducting order parameters to 
Josephson junction [4]. In the ccxnposite material, 
each Josephson junction is of superconductor-nor-
mal-superconductor (SNS) type. The critical current 
(4) of SNS junctions determines the 4 of the whole 
composite. Several groups preparing the composite 
superconductor have already used Ag and their struc-
tural and transport properties have been contem-
plated. The effect of adding AgCu has already been 
rq>orted by us [5]. To the author's knowledge, there 
is no repOTt so far on the effect of Agin addition on 
the micro-structural and transport properties of Bi-
bas^ superconductor. As sifver does not have any 
poisonous effect on the properties of Bi-based high-
tenqKrature superconductors, it is ubiquitously used 
as ^e sheath material for devising superconductirig 
wiies/tapes in the powder-in-tube (PIT) method [6-
9]. Substituting AgCu for Ag sheathing caused inter-
facial Cu segregation [10]. Extensive research is 
going on to explore whether any other metal/alloy 
can be used as sheathing matoial instead of Ag. 
Consequently, it is necessary to study the doping 
effect of differoit alloys cm the micro-structural and 
tian^xnt propoties of bulk Bi-based supoconduc-
tors and con^jare with those of Ag doping for tiieir 
practical use. 
In diis letter, a comparative study of the addition 
of 10-30 wt% Ag, AgCu and Agin on the micro-
structural and transport prq)erties of bulk Pb-Bi-
Sr-Ca-Cu-0 (hereafter referred as PbBiSCCO) su-
perconductors is reported. The ctxicoitration of 
coppCT (Cu) and indium (In) in AgCu and Agin 
alloys, respectively, has been preferred as 4 at% 
according to the optimum measured wettability [11]. 
The possible influence of either interfacial processes 
or junction transport properties can determine tfae 
cntical current of tfae composites. 
2. Experimental 
The composite materials were processed in the 
same way as reported earlier [5,12]. PbjgzBii^j^ 
Sr2 49^ Ca2 424Cu2g230^ powder, supplied by 
Hoechst (Germany), was used to prepare tiie PbBiS 
CCO-Ag/AgCu/AgIn composites. This powder 
was mixed with 10, 25 and 30 wt% of Ag (1.7- to 
3.3-mm size), AgCu and AgIn powders, respectively, 
for the preparation of PbBiSCCO-Ag, PbBiSCCO-
AgCu and PbBiSCCO-AgIn con:qx>sites. The size of 
Cu and In particles, respectively, in AgCu and Agin 
alloy are in the range 30-60 |xm. For each compos-
ite, the powders were thoroughly mixed and com-
pacted in 1.5 mm Ifaick pellets using a hydrauUc 
press. Two series of sanq>les were processed at 
different heat-treatment times. One series was heat-
treated at 810 ± 5 °C for 24 h (hereafter referred to 
as series I) and flie other was heat-treated at 810 ± 5 
°C for 48 h (hereafier referred to as series II) in air, 
foUowed by /umace cooling. Heat treatment of (he 
samples above 820 °C caused flie partial melting of 
the pellets [5,12]. Here, it should be mentioned that 
according to literature, annealing at reduced oxygen 
Table] 
Same imponant parameters of senes I (24-h annealed) and senes 
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partial pressure might give better results. Our pri-
mary aim was not to investigate the effect of anneal-
ing environment but flat of different metal/alloy 
on the superconducting properties of PbBiSCCO-
metal/alloy composites. So we annealed the samples 
in air. TTie pellets were cut into 9.0 X 6.0 mm^ sizes 
and used for transport prqjcrty measurement The 
relative volume fractions (K) of supercoiKluctive 
(2201, 2212 and 2223) and impurity (Ca2Pb04) 
phases have been calculated by comparing the inten-
sities (/) of flie characteristic X-ray diffiaction 
(XRD) peaks obtained by a PW 1050-70 diffiac-
tometer with CuKa radiation [3,5]. The relative 
volume fraction of 2223 phase is obtained using [2] 
^2223 ~ A223 ^ ^^0/(^2223 + ^212 + A2O1) 
where the characteristic intensity peaks for each 
phase were aggregated separately and taken as / of 
that phase in flic composite. The error on volume 
fraction of 2223 phase is ± 3%. The dispersion of 
superconductor grains into metallic matrix are con-
finned by taking the back scattering images of the 
samples using Jeol 35C SEM with an EDAX attach-
ment [5]. Ic and T^ of flie samples were ascertained 
by a standard four-probe method maintaining the 
floating voltage concUtion as 1 jiV cm"'. T^ and 4 
at five different places of the samples were measured 
which differed by ± 1% from each other and taking 
the average. For 7^  measurement, the resistance of 
the samples was ascertained at different temperatures 
ranging from room (300 K) to liquid nitrogen (77 K) 
temperature. The temperature at which the resistance 
started decreasing rapidly was taken as the 7 (^onset) 
and at which the resistance became zero was taken 
as ?^(zero). T^ of the samples was taken as the 
average of 7;(onset) and 7;(zero). The 4 of the 
san:q)les was measured by directly immersing these 
into liquid nitrogen to avoid tiie heating effect in 
zero magnetic fields. In the absence of any external 
magnetic field, the only magnetic field will be due to 
»o 
46 h Ann*a(*0 
-AAg.In 
-•Ag.Xu 
30 10 20 
Wt.*(.of m*tol/oUoy 
Fig. 1. (a) Variation of critical temperature (r^) with added wt% of metal/alloy in PbBiSCCO (series I) heat-treattd at 810 ± 5 °C for 24 h. 
(b) Change of critical temperature (T^) with added wt% of metal/aUoy in PbBiSCCO (series H) heat-tieated at 810 ± 5 "C for 48 h. 
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transport current. According to Silsbee's hypothesis 
[13], the /^  will be that current rate which will 
generate the critical magnetic field H^ at the surface 
of die superconductor. Thus, at /„, the sample will 
relax its superconductive propoly and show resis-
tance. Hence, 4 was taken as the current where the 
resistance of the samples started increasing from 
zero value. The samples were detected to be highly 
homogenous as the values of T^ and /^  did not 
change much at different positions. 
3. Results 
The 7 ,^ 4 , and / . of all composites are shown in 
Table 1. The critical temperatures (?;) of series I and 
n PbBiSCCO superconducting composite pellets 
containing 0, 10, 25 and 30 wt.% Ag/AgCu/AgIn 
are shown in Fig. la and b, respectively. For series 1 
samples, the 7^  of the Ag added samples are superior 
to the corresponding wt.% added AgCu and Agin 
san^les (Table 1) but the pure PbBiSCCO shows the 
h i ^ s t r, ( -114 K). PbBiSCCO-Ag composites 
with up to 25 wt.% Ag reveal nearly the same T^ as 
pure PbBiSCCO but this decreases above 25% Ag 
addition (Fig. la). However, the T^ s of tiie Agin 
added composites are higher than AgCu added com-
posites but lower than that of pure PbBiSCCO and 
PbBiSCCO-Ag composite (Table 1). The T^ of se-
ries n samples are inferior to flie corresponding 
senes I samples (for all the three composites and 
pure PbBiSCCO) [Table 1]. Among series n sam-
ples, the 7; of 10 wt.% Ag and Agin added compos-
ites are higher than pure PbBiSCCO superconductor 
though that of PbBiSCCO-AgCu composites is al-
ways lower than pure PbBiSCCO (Fig. lb). 
The critical current (7^) of series 1 samples with 
10 wt.% added metal/alloy composite is above that 
of pure PbBiSCCO and 25-30 wt.% added metal/ 
alloy composite (Fig. 2a). 10 wt% Ag-added series I 
composite showed the highest 7^  (~ 50A). The 7^ s 
of PbBiSCCO-Aghi are inferior to PbBiSCCO-Ag 
but supenor to PbBiSCCO-AgCu composites (Table 
1). The /, of series II samples \& much lower than 
the correspcHiding series I samples. However, am(»ig 
the senes 11 samples, the pure PbBiSCCO shows the 
30 10 20 
Wt "(.of (nvtol/olloy 
Fig. 2. (a) Dq>endence of l^ and J^ on added wt % of metal/alloy in PbBiSCCO (senes I) heat-treated at 810 ± 5 °C for 24 h. (b) 
Dependence of /, and J^ on added wt % of metal/alloy m PbBiSCCO (senes U) heat-treated at 810 ± 5 °C for 48 h 
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-L -L 
10 20 
Wt.<>iof meta l /odoy 
30 
Fig. 3. Variation of relative volume fiaction of the 2223 phase, obtained from XRD analysis with added wt.% metal/alloy in PbBiSCCO 
heat-treated at 810 ± 5 °C for 24 h (a) and 48 h (b). 
maximum I^ (Fig. 2b). The estimated current densi-
ties (y^) are given in Table 1. It has been established 
that the supercuirent flows within 5-10 \im under 
the surface of the superconducting sample specifi-
cally in PbBiSCX:0-Ag wires/tqjes [7,8]. But in J^ 
calculation, we have assumed that the current flows 
through the whole thickness (1.5 mm) of the com-
posite giving rise to lower J^ values. 
Significant compositional changes have not been 
detected in series I compared to series 11 samples. 
The supenxHiducting grain size are found in 4ib 
range 20.0-35.0 jxm. Clustered silver with sizes of 
12.0-25.0 Jim are observed [5] in all composites. 
Silver clustering and overall area coverage are more 
pronounced in composites with 25-30 wt.% metal/ 
alloy. Fig. 3a and b shows the relative volume 
fraction of 2223 phase of series I and II samples, 
respectively. There is no exact correlation among 7"^ , 
/ j , and 2223 phase (also true for 2201, 2212 and 
Ca2Pb04, which are not shown). In both series of 
samples, pure PbBiSCCO has the highest volume 
fraction of 2223 phase. Among the composites, the 
volume fraction of 2223 phase of PbBiSCCO-Aghi 
is higher than PbBiSCCO-AgCu but lower than 
PbBiSCCO-Ag (Fig. 3a and b). This is consistent 
with the higher values of 7^  and ^ for Agln-added 
composites compared to AgCu-added composites 
(Figs. 1 and 2). 
4. Discussion 
The decrease of T^ and 4 (as well as J^) of series 
II compared to series I samples (Table 1) may be due 
to the prolonged exposure of the former to atmo-
spheric oxygen [2,14]. There is a contradictory report 
on the role of Ag in flie transport properties of 
PbBiSCCO-Ag composites [15,16]. But most of the 
groups noted the enhancement of 7^  and 4 due to 
addition of Ag in PbBiSCCO superconductor. At 
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lower wt.% (Lc, ^ 10 wt.%) of Ag, it acts as a good 
connector between the superconducting grains caus-
ing the enhancement of /^  [5] due to the proximity 
effect. But at higher wt.% of Ag additicxi, it probably 
acts as a ncxmal metal performing as a weak link and 
barrier causing the decrease of 7^ . It is a fact that ^ 
values depend not only on the amount (volume 
. fraction) of the superconducting phases in the mate-
rial, but also on dieir alignment and the extent of 
connectivity among bulk superconducting grains, 
which allows for higher unpinned super current to 
flow [17,18]. The role of Ag, Agin and AgCu in 
aitical current of die conqrasites can be explained 
more clearly fiom the following argument 
The critical current density (7^) below the critical 
temperature (T^) for an SNS junction is inversely 
proportional to y [4] •where •i=VJV^ {V^ and V^ 
being the Feimi velocities of die superconducting 
matrix and normal metal, reflectively). But the Fermi 
velocity of the superconducting states of all compos-
ites is identical. Consequently, the value of -y varies 
with the variation of Fermi velocity in the normal 
state. Subsequently it is known that YQ^ < F,„ < P^ g 
[19], and we can presume tiiat K^ gcu < ^^Agin < ^ Ag 
and hence y^ g < y,^^ < yAgCu- The lower ^^ues of 
y causes die higher values of J^—in agreement with 
our study. Again, the tendency of oxide formaticHi 
varies fr(Hn metal to metal Among Ag, Cu and In, 
copper has the hi^est whereas silver has the lowest 
tendency of oxide formation [19]. The oxidation 
behavior of indium is in between copper and silver 
[19]. Thus, the proportion of oxide layers among the 
supoconducting grains will be highest for AgCu and 
lowest for Ag if wt% doping of metal/alloy and 
aimealing condition are the same. Therefcxe, the 
oxidation behavior of the different alloys is follow-
ing the same direction as y. Accordingly, the forma-
tion of oxide barriers is e^qiected to be diff^ent for 
the different alloys used being maximum for AgCu 
and minimum for Ag. The transport property is 
inversely proportiaaal to the amoimt of oxide layers' 
obstacle among the superc(mducting grains. Hence, 
it can be concluded diat die /..(PbBiSCCO-Ag) > 
/,(PbBiSCCO-AgIn) > /eCPbBiSCCO-AgCu). 
While the samples' size are die same, /e(Pb-
BiSCCO-Ag composites) > /^(PbBiSCCO-Agln 
composites) > /^(PbBiSCCO-AgCu composites), 
consistent widi our observation. 
5. Conclusion 
To conclude, the transport and micro-structural 
properties of the normal metal inclusions in SNS 
junctions seem to play a major role in the critical 
current density of the Ag or AgCu or Agin added 
PbBiSCCO composites. This consequence appears to 
be more important than the superconductor-normal 
metal interface. According to the transport and mi-
cro-structural properties of the metal/alloy compos-
ites, it appears that Ag is the best one for utilizing as 
a sheathing material to fabricate PbBiSCCO super-
conductor wires/tapes in PIT mediod. 
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Role of Normal Metal Inclusions in the Critical Current 
of PbBiSCCO-Ag/AgCu/AgIn Composites 
S MoUah 
Department of Physics, Aligarh Muslim University, Aligarh 202 002 India 
Abstract 
A comparative study of the addition of silver (Ag), silver-copper alloy (AgCu) and silver-indium alloy (Agin) on the 
micro-structural and transport properties of bulk Pb^Bi-Sr-Ca-Cu-0 (PbBiSCCO) superconductors is reported. 
The composites are prepared by the addition of 10, 25 and 30 wt% ofAg, AgCu and Agin. Concentration ofCu and 
In in the AgCu and Agin alloy respectively have been chosen as 4 at% according to the optimum measured wettability. 
The composites were heat-treated at 810 ± 5°Cfor 24h and 48h. 24h annealed samples show better transport and 
micro-structural properties compared to 48h annealed samples. Among all the composites, 10 wt% Ag added 
composites show the highest critical temperature (TJ and critical current (IJ. No correlation was found for the 
dilTerem supereoivducsit\g and impurity phases with T^ and i<. o/ tfve satnpks. Tht siiv^r-added composites siiow 
better transport and micro-structural properties compared to same wt% AgCu or Agin added composites. Thus, Ag 
is found to be the most suitable sheath material for fabricating the superconducting wires/tapes in powder-in-tube 
(PIT) method 
INTRODUCTION 
Practical applications of bulk Bi-based high temperature 
superconductors require high critical current densities. These 
superconductors are usually brittle and it is very difficult to 
fabricate them in the form of wires/tapes for practical use. To 
improve their ductility, witliout imparing the critical current 
density (J^), the superconductor is processed as a composite 
material adding a high volume fraction of metal or alloy. In 
these superconductors, metal-superconductor interfaces are 
formed. These composites are considered as a dispersion of 
strongly superconducting granular islands embedded in a 
metallic matrix. The volume fraction of superconducting 
phases, the relative orientation of superconducting grains ai)d 
the connection among the grains affect the J^ as well as weak 
links formed at a metal-insulator superconductor interfaces. 
The'transport properties are influenced both by the weak linlcs 
and the coupling of the superconducting order parameters to 
Josephson junction. In the composite material, each Josepti-
son junction is of the SNS (superconductor-normal-supercoJi-
ductor) type. Jhe critical current of the whole con^posite is 
determined by the critical current of SNS junctions. Extensive 
research is going on to examine whether there is any alloy which 
can be used as sheathing material in exchange of Ag for 
fabrication the wires/tapes in PIT method.' Thus it is neces-
sary to study the doping effect of different alloys on the 
micro-structural and transport properties of bulk Bi-based 
superconductors and compare with those of Ag doping for 
their practical use. 
In this paper, a comparative study of the addition of 10-30 
\vi% Ag, AgCu and Agin on the micro-structural and trans-
port properties of bulk Pb-Bi-Sr-Ca-Cu-O (PbBiSCCO) super-
conductors is reported. The concentration of Cu and In in the 
AgCu and Agin alloy respectively have been chosen as 4 at%. 
EXPERIMENTAL DETAILS 
The PbBiSCCO-Ag/AgCu/AgIn composite materials were pre-
pared using Pb2.82Bi| 925Sr2 494Ca2 424Cu2 8230x powder sup-
plied by Hoechst, Germany. Tlus powder was mixed with 10,25 
and 30 wt% of Ag (1.7 to 3.3 mm size), AgCu and Agin 
powders. The size of Cu and In particles respectively in AgCu 
and Agin alloy are in the range 30-60 /<m. The composites 
were thoroughly mixed and compacted in 1.5 mm thick pellets 
using hydraulic press. These pellets were heat-treated at 
810 ± 5° C for 24 and 48h in air, followed by furnace cooling. 
Heat-treatment of the samples above 820° C caused the partial 
melting of the pellets. The pellets were cut into 9.0 x 6.0 mm^ 
size and used for transport property measurement. The 
relative volume fractions of superconductive (2201,2212 and 
2223) and of impurity (Ca2Pb04) phases have been calculated 
by comparing the intensities of the characteristic X-ray dif-
fraction (XRD) peaks .2 The dispersion of superconductor grains 
into metallic matrix are confirmed by taking the back scattering 
images of the samples.^ The critical current (4) and critical 
temperature (7"^ .) of the samples were measured by a standard 
four probe method maintaining the floating voltage condition 
asl/<Vcm-'. 
RESULTS AND DISCUSSION 
For the 24h heat treated samples, the T^. of the Ag added samples 
are higher than the corresponding wt% added AgCu and Agin 
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samples. T^ ofAg added samples ace nearly the same as non-
added samples upto 25 wt% addition but decreases with farther 
addition of Ag. The T^'s of the Agin added composites are 
higher than AgCu added composites but lower than that of 
pure PbBiSSSO. The T^ of 48h heat-treated samples are lower 
than those of 24h heat-treated samples (for all the three com-
posites). However the T^ of the 10 wt% Ag and AgCu added 
samples are liigher than the non-added PbBiSCCO supercon-
ductor. 
The critical current (4) of the 10 wt% added metal/alloy are 
higher than the PbBiSCCO and 25-30 wt% added metal/alloy 
(Fig. la). /^ of tlie PbBiSCCO-Agin composites are lower than 
the PbBiSCCO-Ag composites. 4 of 48h heat-treated samples 
are much lower than the 24h heat-treated samples (for same 
composition). However among the 48h heat-treated samples, 
the PbBiSCCO shows the maximum /^ (Fig. 1 b). 
10 20 
Wt. % ot metal/alloy 
30 
Fig. 1 Dependence of criucal current (7^ ) with added wt% of metal/ 
alloy in PbBiSCCO heat-treated at 810 ± 5° C for (a) 24h and (b) 48h. 
There is no exact corerelation between the T^, 1^, and 2223 
phase (true for 2^01, 2212 and Ca2Pb04 also which are not 
shown). But the relative volume fraction of 2223 phase of Agin 
added composites are higher than those of AgCu added com-
posites. This is in agreement with the higher values of T^ and /^ 
for Agin added composites compared to AgCu added 
composites. 
The decrease of T^ and 1^ for 48h heat-treated samples com-
pared to those of 24h heat-treated samples may be due to the 
prolonged exposure of the former samples to atmospheric oxy-
gen. For addition of lower wt% (i.e. a 10 wt%) of Ag, prob-
ably It acts as a good connector among the superconducting 
grains causing the enhancement of /^^ For higher wt% of Ag 
addition, it probab/y acts as a normal metaJ behaving as a weat 
link and causing the decrease of Z^ .. The role of Agin and AgCs 
in critical current of the composites can be explained from th; 
following discussion. 
The critical current density (J^) at temperatures below the 
critical temperature (7*^ for an SNS junction is given by^ 
J^ = A.eKp-'"'"^s/ (7trv)'^rMl+ K[1 + (A/ nT)^)^''^] il-
where f = T/T^, Tand T^ are the measuring and critical tempera-
tures of the sample respectively, v = mjm„, with m, and m„ the 
critical masses of the superconducting and normal state; 
respectively, y = v^v„ with v, and v„ the Fermi velocities of the 
superconducting matrix and normal metal respeciivels. 
K = (l+y2/2y), 'd' is the thickness of the normal metal, | j L-
the coherence length in the superconducting state, D is an 
order parameter and 'A' is a constant. So the variation of J 
depends on the variation of y since the other paiametcis are 
almost constant. As the Fermi velocity of the supercon-
ducting states of all composites is the same, the value of ? 
vanes with the variation of Fermi velocity' in the normal state 
Since it is known that ^cu^ '^in"^  "Ag"- ^^ e can assume that 
^AgCu < >'Ag. VAgin< "Ag a"'' "AgCu < VAgin- Thus the y for 
AgCu is larger than that of Ag and AgCu. Similarly y for 
Agin is larger than Ag but smaller than AgCu. The higher 
values of y causes the lower values of J^ according to eqn 
(1). So the /f (PbBiSCCO-Ag composites) > /,, (PbBiSCCO-
Agln composites) > / , ( PbiSCCO-AgCu composites) ob-
served in our systems are easily explained using eqn. (1). 
CONCLUSION 
To conclude, the normal metal inclusions in SNS junctions 
seem to play a major role in the critical current density of the 
Ag, AgCu or Agin added composites. Among the three, Ag 
seems to be the best one as sheathing material for fabricating 
the PbBiSCCO superconductor wiresZtapes in PIT method. 
ACKNOWLEDGEMENT 
The author is grateful to the Israeli Ministry of Science for 
providing a fellowship to perform part of the work in Ben-Gurion 
University of the Negev, Israel. The financial support of UGC, 
Govt, of India, from the project (No.F. 10-31/98) is also grate-
fully acknowledged. 
REFERENCES 
1 F Marti, G Grasso. Y B Huang and R Flukiger, Supercond Sci 
Technoi. 11 1251 (1998) 
2 S Mollah, N Fruinin, M Polak and J Baram, Materials Lens.. 27 
187 (1996). 
3 J M Tarascon, W R Mckinnon, P Barboux, D M Hwang, B G 
Bagley, L H Greene, G W Hull, Y Lepage, N Sioffel and M 
Ground, Phys. Rev., B 38 8885 (1988). 
4 C Kittel, Iniroduclion Solid Stale Physics, 3"^ Edition, John 
Wiley & Sons. 
249 
PHYSICAL REVEW B VOLUME 53, NUMBER 9 1 MARCH 1996-1 
Ttansport properties of Pb-doped Bi4Sr3Ca3Cu40, semiconducting glasses 
and glass-ceramic superconductors 
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(Received 27 April 1995; revised manuscript received 7 August 1995) 
Electrical conductivity and thermoelectric power (TEP) of the as-quenched and annealed (at 500 °C for 10 
h and 840 "C for 24 h) Bit-.Pb.SfjCajCu^O, (« = 0-1.0) glasses have been measured. The dc conduc-
tivity data of the as-quenched and the partially annealed (at 500 "C) glasses can be explained by considering 
the small-polaron hopping conduction mechanism which is found to change from the nonadiabatic to the 
adiabatic regime with annealing the glasses at 500 °C. This change over is due to the presence of microcrystals 
in the partially annealed glasses as observed from x-ray-diffraction and scanning electron microscopic studies. 
This adiabatic behavior is also visualized even for some as-quenched glasses having a very small amount of the 
more conducting micioctystaWint phase. All the 840 °C annealed glasses are superconductors with Tj, between 
110 and 115 K. The Scebeck coefficient (5) of the partially annealed glass system is found to be positive and 
increases linearly with temperature. The S values of the corresponding glass-cetamic superconductors showing 
broad peaks around 7",. A change over in the values of S from positive (below —290 K) to negative (above 
~290 K) indicates the coexistence of both electrons and holes in these superconductors. The TEP data can be 
fitted with both the two-band model of Forro et aL [Solid Stole Commun. 73,501 (1990)] and the Nagaosa-Lee 
model [Phys. Rev. Lett 64, 2450 (1990)]. Therefore, the bosonic contribution in the transport properties of 
these superconductors, as suggested by the Nagaosa-Lee model, is supported. 
L INTRODUCTION 
The glassy precursors for high-Tg superconductors like 
Bi4_„Pb„Sr3Ca3Cu40, are v « y interesting because of sev-
eral reasons. There is inunense possibility of making super-
conducting wire/tapes, and thick films^ for technological 
applications. Therefore, elaborate investigations of various 
physical properties of these special type of glassy and corre-
sponding glass-ceramic (GC) phases are important. Among 
the possible coexisting phases in the Bi-Sr-Ca-Cu-0 
systems,^ *^ the 80 K phase forms more easily. This phase is 
also thermodynamically more stable. Partial substitution of 
Bi by Pb enhances the preparation of the nearly single phase 
(2223) superconductor ( 7 ^ - 1 1 0 K).*-' Endo et al} proposed 
that Pb*^ substituted for Bi*^ as well as Sr defects act as 
hole donors. Since the valency of Pb is +2 and that of Bi is 
+3, one Pb atom can dope a hole to the system. Study of 
thermoelectric power of this system would be important to 
find the nature of the carriers (holes or electrons). As the 
Pb-doped (2223) phase has the high-Te value (~ 115 K), it is 
interesting to process this phase via controlled crystallization 
of the corresponding glassy precursor phase. 
Recently, several investigations of the superconducting 
behavior of the Pb-doped Bi-Sr-Ca-Cu-0 system have been 
made.'-'" But the comparative study of the semiconducting 
properties of the as-quenched and the corresponding partially 
annealed (with the appearance of micro crystals) glassy sys-
tems have not been made so far. Here it is interesting to point 
out that the appearance of microcrystals (more conducting 
crystalline phases) in the as-quenched glass (by partial an-
nealing or produced during glass formation) changes the 
hopping conduction mechanism (nonadiabatic to adiabatic) 
along with other behavior. Furthermore, very little or no re-
port has been made so far on the detailed thermoelectric 
powers of these glassy precursors and those of the corre-
sponding glass-ceramic (GC) superconductors, 
The purpose of the present paper is to study the 
effect of aimealing time and temperature on the electrical 
conductivity and thermoelectric power (TEP) of the 
Bi4_„Pb„Sr3Ca3Cu40;, (O.Kn^l .O) glasses which are 
very good precursors of high-r^ superconductors. The 
Bi4Sr3Ca3Cu40jj or (4334) system has been chosen as the 
mother glassy phase because it is easily convened" to single 
phase Bi2Sr2CaiCu20j, or [2212] superconductor. Further-
more, u-ansport properties of Li-doped Bi4Sr3Ca3CuiO, 
glassy system have also been elaborately studied earlier '^  
using small polaron hopping conduction mechanism. How-
ever, there is still a controversy over the true mechanism 
(adiabatic or nonadiabatic) of conduction in the glassy pre-
cursors of high-Tj superconductors. While the nonadiabatic 
small polaron hopping conduction mechanism is found to be 
valid for the Li-doped (4334) glasses.'^ Singh and 
Zacharias" argued that the polaron hopping mechanism is in 
the adiabatic regime in such glassy semiconductors. There-
fore, the semiconducting behavior of the as-quenched Pb-
doped Bi4Sr3Ca3Cu40^ (4334) glasses, behaving similarly 
to those of the corresponding Li-doped glasses,'^- has alsQ> 
been studied. From the present investigation, it would be 
visualized how the model parameters like Debye tempera-
ture, phonon frequency, conduction mechanism (nonadia-
batic to adiabatic) and microstructure change in the Pb-
doped (4334) glasses due to annealing. 
Since the theoretical analysis of the experimental dc con-
ductivity of the as-quenched Pb-doped (4334) glasses can be 
made similarly to that of die Li-doped (4334) glasses'^ (here-
after referred to as Ref. 1), we shall only briefly discuss the 
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results on dc conductivity data of the present as-quenched 
glasses for comparison with those of the partially annealed 
semiconducting glasses. 
In Sec. II sample preparation and different techniques 
used have been discussed in short Section III deals with the 
microstnictural properties of the glasses and glass ceramics. 
Analysis of the dc conductivity data of the as-quenched, par-
tially annealed glasses and the corresponding superconduct-
ing glass ceramics have also been made in this section. The 
thermoelectric power data of the glassy semiconductors and 
the corresponding glass-ceramic superconductors have been 
discussed in Sec. IV. The paper ends with a brief summary 
and conclusion in Sec. V. 
II. EXPERIMENT 
The Bi4_,Pb„Sr3Ca3Cu40, (n=0.1 , 0.5. 1.0) glasses 
are prepared by rapid quenching technique discussed 
earlier'^''^ and the glass samples thus prepared are divided 
into two batches. The first batch of the samples are annealed 
at 500°C for 10 h. These samples are denoted by PblA. 
Pb2A. and Pb3A for / i=0 .1 . 0.5. and 1.0. respectively. The 
second batch of the samples are heated at 840 'C for 24 h 
and then fumade cooled. These samples are termed as Pbl.S. 
?b2S. and Pb3S forn = 0.1. 0.5. and l.O. respectively. On 
annealing at these two temperatures in air. these glassy 
samples become partially (PhA-type) and completely (PbS-
type) oxygenated and crystalline (also called glass ceramics). 
The total copper ion concentrations of the samples were de-
termined from atomic absorption and the values of Cu^* 
concentration were determined by chemical analysis as dis-
cussed earlier [Ref. 1], The glass transition temperature 
(T^) determined by thermal analysis and the results of infra-
red (IR) spectra showing the presence of BiOs and BiO* 
pyramidal and octahedral units have already been reported. 
Some important parameters of the glasses are shown in Table 
I for comparison. 
Both the as-quenched and the annealed systems are char-
aclerixed by x-ray powder diffraction (Philips. Model PW 
1710) and scanning electron micrographs (Model 425A), Hi-
tachi, Japan). The dc conductivity (orj^) and thermoelectric 
power (TEP) measurements were performed on all the 
samples with different Pb concentrations. The dc conductiv-
ity of the glassy samples was measured by two point method, 
whereas that of the conducting crystallized samples was 
measured by standard four probe technique using the APD 
cryocooler (Model: HC-2D) with helium refrigerating sys-
tem and temperature controller. Conductivity measurements 
were made in the Ohmic region as tested from the study of 
the I-V curves. The dc conductivity of the same glass 
samples in different runs agreed within 2 -3 % and samples 
of the same composition from different batches gave agree-
ment within 5% for room temperature measurements. The 
temperature was measured with a nanovoltmeter (Keithlcy 
181) with an accuracy of ±0.5 K (or better). The TEP values 
of the glasses and glass-ceramic samples (10X4X 1 mm-") 
were also measured with the use of the APD cryocooler and 
Keithlcy nanovoltmeter (Model 181), A temperature differ-
ence of 2 - 4 degrees was maintained between the two paral-
lel surfaces of the samples under investigation. 
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'Obtained from the differenual themial analysis (DTA). 
•"Obtained from Eq. (1). 
'Obtained from Greaves' model [Eq. (4)]. 
III. RESULTS AND DISCUSSIONS 
A. Structural properties of the glasses and glass ceramics 
The XRD patterns of the as-quenched glasses shown ir 
Fig. 1 indicate glassy behavior. Figure 2 shows the XRE 
patterns of the partially annealed (500 °C for 10 h) PblA 
Pb2A. and Pb3A samples and the corresponding XRD pat 
terns of the Pbl.S. Pb25, and Pb3S glass ceramics (annealec 
at 840 'C for 24 h) arc shown in Fig. 3. The appear 
ance of sharp peaks in Fig. 3 is due to the formation o. 
crystalline phases. The identified crystalline peaks in th( 
partially annealed samples (Fig. 2) are found to be o 
CuiO, Ca2Pb04. B i iOj , PbO. and Bi-2201, Bi-2212, Bi 
(.0 5Q 
29(d«3rees) 
FIG. 1. X-ray-diffraclion pattern of Bij_„Pb„Sr3CajCnjO, a^  
quenched glasses: (a) /i = 0 1, (b) n = 0 5, and (c) « = 1 0 
5944 
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FIG. 2. X-ray-diffraction pattern of Bi^-.Pb.SrjCajCutO, 
glass ceramics annealed at 500 'C for 10 h: (a) PblA («=0.1), (b) 
Pb2A (n=0.2). and (c) Pb3A (n= l.O). 
2223 phases. The^ are also some unidentified peaks (indi-
cated by cross ma^ks) in Hg. 2. However, after final heating 
at 840 "C (for 24 h) the samples become superconductors 
having mostly superconducting 2212 and 2223 phases along 
with traces of Ca2Pb04 phase. At this annealing temperature 
the additional phases formed in the samples during the par-
tial heating at 500 °C disappear. Similar crystallization kinet-
ics of this type of glasses was also discussed in a recent 
review by Bansal." The XRD pattern of the glass-ceramic 
samples (Fig. 3) annealed at 840 "C for 24 h (which are 
superconducting as discussed below) can be fitted with the 
pseudotetragonal structure. The lattice parameters thus ob-
tained for the ?blS, PblS, and Ph3S superconducting 
samples are given in Table II. These values of the lattice 
constants agree quite well with the reported values" of the 
corresponding superconducting samples. 
The scanning electron micrographs (SEM) of a typical 
as-quenched glass sample (viz. Bi3 5Pbo.3Sr3Ca3Cu40J 








2 9 (degree) 
80 
FIG. 3. X-ray-diffiraction pattern of Bi4_,Pb„Sr3Ca3Cu40, 
glass-ceiamic superconductors (glasses annealed at 840 "C for 24 
h): (a) Pbl5 (« = 0.I), (b) ?b2S («=0.5), and (c) ?b3S (/i=1.0). 
Other samples also show identical features. The glass 
samples annealed at 500 "C for 10 h display [Fig. 4(b)] fea-
tures of 3 -10 fita in size. The homogeneously distiibuted 
particulate feature of the crystallites seen in the samples an-
nealed at 500 "C is considijred to arise from copious micle-
TABLE II. Values of the lattice constants (fitted with tetragonal 
structure) and superconducting transition temperatures T^„ (zero re-
sistance' temperature) of superconducting glass ceramics (the 
Bi4_„Pb,Sr3CajCu40j glasses annealed af840 °C for 24 h). 
Lattice constants (A) 
Superconducting 2212 phase 2223 phase 
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(a) 
FIG. 4. Scanning electron micrographs of 
Bi4..Pb«Sr]Ca3Cu40j, (for A*0.5) for as-quenched glass (a), the 
glass-ceramic annealed at 500 "C for 10 h (Pb2A) (b), and the 
superconducting glass-ceramic annealed at 840 ' C for 24 h {?b2S) 
(c). [Scale: (a) 23 mm = 120 /xm. (b) 20 mm = 20 ptm. and (c) 20 
mm = 10 fim.] 
ation in the phase separated microstructurcs of the as-
quenched glasses. The glass ceramics annealed at 840 °C, 
however, show pure crystalline structure [Fig. 4(c)]. 
B. Electrical conductivities of as-quenched glasses 
The thermal variation of ar^ of the Pb-doped (4334) 
glasses are almost similar to those of the Ll-doped (4334) 
glasses disckisstd tatUM [Ref. I ] . V'lriaiion of dc conduciiv-




FIG. 5. The logarithm of dc conductivity of the as-quenched 
Bi4_„Pb„Sr3Ca3Cu40. (for/i=0.l, 0.5, 1.0) glasses as a funciion 
o f f ' . 
These data can be analyzed with nearest-neighbor hopping of 
small polarons, proposed by Mott^ "'^ ' (for the region of T 
> 0[,/2, 6Q being the Debye temperature) and Greaves' van-
able range hopping^" (for 7"< SQ/I) as discussed below. Tlie 
expression for the dc conductivity (0-^^) as proposed by 
Mott^"'^ ' can be written as (for T> 6^11) 
ai,Hv^Ne'R^C{\-C)tLr.^-lRa)tx^^-V/lkBT)'\lknT. 
(1) 
where N, v^, a~\ R, W, and C, are, respectively, the 
number of transition metal (Cu) ion per unit volume, the 
optical phonon frequency, localization length of the j-like 
wave function assumed to describe the localized states at 
each transition metal (Cu) ion site, average intersite separa-
tion, activation energy for the hopping conduction and the 
ratio of the transition metal (TM) ion concentration in the 
low valence states to the total TM ion concentrations. In Eq. 
(1) kg and T ait Boltzmann constant and absolute tempera-
ture, respectively. Assuming a strong electron-phonon 
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FIG. 6, The vanation of logio(<7j^T'") with T" "•' of the av 
a function of T arc shown, respectively, in Figs. 5 and 6. quenched Bi4_„Pb„SrjCajCu40, glasses. 
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W==W„+\VDI2 (for T> 6012) = Wo (for T<eol^), 
(2) 
where Wff and W^ are, respectively, the polaron hopping 
energy and disorder energy arising from the variation of local 
arrangements of the ions, and 9D, defined by ft»'ph=fegflo> 
is the characteristic Debye temperature. In the adiabatic 
limit, the ovedap integral /=exp(-2a;^) in Eq. (1) reduces 
to unity. 
Schnakenberg^* also showed theoretically that in amor-
phous solids, for T< doll the contribution to a-'i^ comes pre-
dominantly from acoustic phonon, while for T> doll, the 
main contribution to Cjc is the phonon assisted conductivity 
and hence the temperature dependence of conductivity is dif-
ferent in the temperature ranges on either side of Tk-- BQII. 
Schnakenberg model predicts a sharp decrease in activation 
energy with decrease in temperature at T^. The temperature 
dependent conductivity in this model has the form 
c7,,= cro7-'[sinh(/...ph)]"'exp[-(4H^;,M»/ph) 
Xtanh(A./phi8/4)]exp(-lVD)9). (3) 
where u^ is a temperature independent parameter and 
The experimental conductivity data above a typical char-
acteristic temperature T^  (say) ~250 K (where nonlinearity 
is observed in Fig. 5) are fitted with Eq. (1). The experimen-
tal conductivity data are fitted by least squares method simi-
lar to our earlier work [Ref. 1] and the best fit parameters are 
shown in Table I. The phonon frequency v^ are obtained 
from the infrared data.^  The value of C is estimated from 
magnetic susceptibility and atomic absorption [Ref. I]. The 
values of a shown in Table I are reasonable for localized 
states and indicate strong localization as in the case of Li-
doped (4334) glasses and many other transition met«U oxide 
(TMO) glasses as discussed in Ref. 1. An estimatiori of po-
laron radius r^ which is related^ to W// (M'//=4c^/eprp) 
has also been made for all the glasses and are shown in Table 
I. The effective dielectric constant 6^  is obtained from di-
electric constant data.''-'* The estimated values of r^ (as 
shown in Table I) also suggest that the polarons arft highly 
localized in the undoped and Pb-doped Bi4Sr3CajCu40j, 
glasses. 
At sufficiently low temperatures where the polaron bind-
ing energy is small and static disorder energy of the glass 
plays a dominant role, in the conduction process, Mott's 
T~ "^  analysis for the variable range hopping (VRK) can, in 
general, be applied for the TMO glasses. But for the Pb-
doped glasses, sufficient data at low temperature is not avail-
able due to experimental limitations and very high resistivity 
of the samples which is also found to be true for Li-doped 
Bi4Sr3Ca3Cu40, glasses [Ref. 1]. An attempt to verify the 
applicability of this law gives unacceptably large values of 
a and WQ . 
At the intermediate temperature region Greaves'^ ^ sug-
gested a variable range hopping conduction and derived an 
expression for the conductivity as 
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FIG. 7. Theoretical fitting of the dc-conductivity data with Eq. 
(3) of the as-qucnchcd Bi4_„Pb„Sr3Ca3Cu40^ glasses: (a) 
n = 0.5, (b) n=1.0, and (c) n = 0.1. 
values (shown in Table I) are obtained from the ac conduc-
tivity data of these glasses.''•".In Fig. 6 (continuous line), 
the experimental conductivity data in the low temperature 
region are fitted with Greaves' VRH model [Eq. (4)]. The 
values of a estimated from the best fit are also reasonable for 
localized states" and are consistent with the values obtained 
by the fitting of the conductivity data with Eq. (1) (as shown 
in Table I). Similar values of a arc also obtained for the 
Li-doped Bi4Sr3Ca3Cu40jt glasses and other TMO 
glasses.'^'" 
The experimental data has also been fitted with Schnaken-
berg model [Eq. (3)] as shown in Fig. 7. The best fit param-
eters are shown in Table III. WH is almost same for all the 
as-quenched glasses, but it is different from the values ob-
tained by the fitting with Mott's model (Table I). The values 
of WD decreases with increase of Pb concentration in the 
(4334) glasses. 
The hopping mechanism (adiabatic or nonadiabatic) of 
these glasses could be suggested^* by plotting logioCCdc) vs 
IV at a fixed temperatures. The temperature T, (say), esti-
TABLE III. Best fit parameters obtained from Schnakenberg's 
conductivity equation [Eq. (3)] for the as-quenchcd 
Bi4.„Pb,Sr3Ca3Cu40, glasses with n = 0.1 (Pbl), /i = 0.5 (Pb2), 
and/i=I.0(Pb3). 
Glasses i/ph (Hz) W„ (eV) WQ (eV) 
where A and B are constants and B = 2.l[a^/fcgAf(£f)]"'', 
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FIG. 8. Tht logtnlhm of dc conductivity of the as-q\jtnched 
glasses as a function of W (activation energy), obtained from Fig. S, 
at two fixed temperatures (300 and 410 K). The estimated tempera-
ture from slopes of these two curves are 1270 and 880 K, respec-
tively. 
muted from the slope of such a plot would be close to the 
experimental temperature when the hopping is considered to 
be in adiabatic regime. On the other hand, 7 , would be very 
different from experimental temperature if the hopping is 
considered to be in the nonadiabatic regime. Such a plot for 
two fixed temperature (r=3(X) and 410 K) is shown in Fig. 
8 and the corresponding T, values estimated (1270 and 883 
K, respectively) are very much different from experimental 
temperatures in the Pb-doped (4334) glasses. Thus the hop-
ping mechanism of these as-quenched glasses is in the nona-
diabatic regime as in the case of Li-doped Bi4Sr3Ca3Cu 
40;r glasses.'^''^ The nonadiabatic hopping is also supported 
from the validity of Emil-Holstein relation.^' According to 
this relation the polaron bandwidth J satisfies the inequality 
J {2kgTW„/iry'\hv^/'ny''. (5) 
where the signs > and < are for adiabatic and nonadiabatic 
hopping, respectively. The values of {IkgTWH/ 
iT)"*[h Vph/ir)'" vary from 0.0279 to 0.0284 at 300 K for all 
the concentrations. Tlie values of J estimated independently 
from y~ft<r'[A^(£f)/eJ]'", are of the order of 0.022 eV. 
Thus, in Pb-doped glasses JH2kBTW„/'rr)^'\hv^/iTy'^ 
which suggests that the nearest-neighbor hopping mecha-
nism occurs in the nonadiabatic regime. This behavior is also 
similar lo the Li-doped Bi4Sr3Ca3Cu40, glasses reported 
earlier [Ref. I]. 
C. Electrical conductivity of partially annealed glasses 
and glass-ceramic superconductors 
The dc conductivity data of tlie corresponding 
panially annealed (annealed at 500 °C for 10 h) 
Bi4_„Pb„Sr3Ca3Cu40, (n = 0.1. 0.5. 1.0) glasses also 
showing semiconducting behavior (Fig. 9) can also be simi-
larly analyzed by using the polaron hopping conduction 
mechanism. However, in this case, as discussed below, the 
nature of the polaron hopping conduction mechanism 
changes from nonadiabatic regime to adiabatic regime. 
The semiconducting character of these samples is clearly 
observed from the temperature dependence of conductivity 
0.0 
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FIG 9. (a) The logarithm of dc conductivity of the partially 
annealed (at 500 °C for 10 h) Bi4_„Pb„SrjCajCu40, glass ceram-
ics as a function of T"' with « = 0.1 (D). 0 5 ( • ) , and I 0 
(O). (b) The loganthm of the low-temperature (r<125 K) con-
ductivity of the partially annealed at 500 °C for 10 h) 
Bi4_,Pb„SrjCa3Cu40, [for PblA (n = 0.1) ( x ) , Pb2A 
(n = 0.5) (O). and Pb3/4 (n=10) ( • ) ] glass ceramics as a 
fiinction of r""*. 
data plotted in Fig. 9(a). The Debye temperature 9Q , esti-
mated from the temperature where nonlinearity begins, var-
ies from 465 to 488 K with Pb concentration (Table IV) and 
these do values for these partially annealed glasses are 
greater than those of the as-quenched glasses (Table I) These 
values of dp (465-488 K) also supports the theoretical value 
of the superconducting Bi-Pb-Sr-Ca-Cu-0 system "'•" But 
the Debye temperature shows opposite behaviors with in-
creasing Pb concentration in as-quenched glasses (Table I) 
and in the partially annealed glass ceramics (Table IV), re-
spectively For the first case 6^ is decreasing with the in-
crease of Pb concentration while for the second case ii ib 
increasing with increase of Pb content Actually the pioco 
dure used m evaluating OQ IS not usual and quite rough So 
this strange result might be due to the rough evaluation ot 
do in the partially annealed glass ceramics. Moreover, the 
multiple phases characlenzing the annealed samples (ob-
served from XRD pattern in Fig 2) make the use of the 
appropriate techniques (ultrasounds and infrared spectros-
copy) quite difficult for determining the coirect values of 
6D . Therefore the corresponding values of dp must be con-
sidered only in the light of the order of magnitude The char-
actenstic phonon frequency i'ph( = ^'fl^o/'') also changes 
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TABLE IV. Values of different parameters of the annealed glass 
ceramics (the Bi<-^Pb„SrjCajCu40, glasses annealed at 500 °C 
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with the increase of Pb as shown in Table IV (corresponding 
values for the as-quenched glasses as shown in Table I). 
The dc conductivity of the partially annealed samples, viz. 
PblA. Pb2A, and Pb3A, in the low temperature region (T 
< 125 K) can be fitted with the equation" 
o-je=A exp(-fl /r") . (6) 
The value of the exponent n determines the nature of the 
conduction mechanism in the semiconducting region of the 
sample. A and B in Eq. (6) are constants and 
B = 2.l[oP/k8N{EF)y'\ (7) 
Experimental conductivity data are fitted with Eq. (6) using 
least squares method. The results are presented in Fig. 9(b). 
Below 125 K (< fl^^), the resistivity of the samples may be 
well described by the relation (6) with n = 1/4. This suggests 
that the conduction in the low temperature regioii is gov-
erned by a three dimensional variable range hopping 
mechanism.^ ^ 
The W(£f) values of these partially annealed glass ce-
ramics have been calculated from the corresponding ac con-
ductivity measurement as in the case of as-quenched glasses. 
Table IV shows that these values of N{EF) lie between 
10^'-10" eV"' cm" ' . These values of iV(£/r) of the par-
tially annealed glass ceramics also agree quite well with 
those obtained from the superconducting Bi-2212 system.'' 
As mentioned above, the hopping conduction mechanism 
in all the partially annealed glasses changes to the adiabatic 
regime. From the plot of logio(crjj) vs W (Fig. 10), the es-
timated temperatures T, (as in the case of as-quenched glass 
samples; Fig. 8) are 304 and 222 K which are very close to 
the corresponding experimental temperatures, viz. 300 and 
220 K, respectively. This suggests^* that the hopping mecha-
nism is in the adiabatic regime. The Holstein condition^' for 
adiabatic hopping [Eq. (5)] is also satisfied for these partially 
annealed glassy precursors. The values of a estimated from 
FIG. 10. The logarithm of the dc conductivity of the Pb/1-lype 
samples as a funcdon of W, at two fixed temperatures (at 220 and 
300 K). The estimated temperatures from the slopes of these two 
curves are 222 and 304 K, respectively. 
Eq. (7) using the values of N{Ef) from Table IV are found to 
be very small and almost constant. These low values of a 
(Table IV) also support the adiabatic hopping mechanism. 
Therefore, a change over in hopping mechanism from nona-
diabatic to adiabatic regime takes place when the as-
quenched glasses are annealed at 500 "C for 10 h (similar 
behavior is also found for these glasses annealed at 300° C 
for 24 h or more). Therefore, nonadiabatic hopping mecha-
nism is true for the pure glassy precursors for high-T^ super-
conductors which is in contrast to the observation of Singh 
and Zacharias.'* The adiabatic hopping conduction is ob-
served, due to the presence of more conducting microcrystals 
in these partially annealed glasses. It is important to mention 
here that these more conducting microcrystalline clusters 
might even form in the glass at the time of preparation which 
changes the conduction mechanism along with other proper-
ties. 
Assuming the high temperature activation energy W to be 
close to the hopping energy W^ [Ref. 23], we can roughly 
estimate the electron-phonon coupling strength 
y=Wp/kBdo, where Wp is the polaron binding energy and 
equal to 2Wff. Activation energy W calculated from Fig. 
9(a) (plot of Incr vs lOOOJT) for a typical PbM sample, at 
room temperature, is about 0.11 eV. The electron-phonon 
coupling constant y, calculated with this value of W, is 5.49, 
The values of y decrease with increase of annealing time of 
the samples (Tables I and IV). 
To get the idea about the size of polaron we use the 
formula^' which has been used in the case of as-quenched 
glasses. For the Pb2A glass ceramic the radius of the polaron 
is estimated to be —2 A. We have also evaluated all these 
parameters for the as-quenched unannealed glasses (Table I), 
The values of r^ for the as-quenched and the partially an-
nealed (at 500 °C for 10 h) glasses remain almost same 
(Tables I and IV). We have also tried to fit the dc conductiv-
ity data of the partially annealed PbA sample with the 
Schnakenberg model [Eq. (3)], but the fitting parameters ob-
tained are not feasible. 
Figure 11 shows the temperature dependences of the re-
sistivity for the Bi4_„Pb„SrjCajCu40;, (n = 0.l, 0.5, l.O) 
glass ceramic (heat treated ai 840 °C for 24 h). All these 
samples show metallic behavior above the superconducting 
transition temperature T^, varying from 110 to 115 K. The 
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FIG. 11. Thermal variation of the resistivity of the supercon-
ducting Bi4_,Pb„Sr3CajCu40, glass ceramics [with rt = 0.1 
(Pbl5) (D), 0.5 (Pb25) ( • ) , and 1.0 (Pb3S) (O) annealed at 
840 'C for 24 h. 
corresponding r^o (zero resistance temperature) values arc 
72, 73. and 78 K. respectively. for/i = 0.1. 0.5. and 1.0. 
D. Thermoelectric power 
Thermoelectric power of all the Pb-dopcd as-quenched 
glassy semiconductors is found to bft positive indicating 
holes are the carriers, which is due to donation of holes by 
the Pb ions. However, because of large resistances of the 
samples reliable TEP data of the glasses cannot be obtained 
The thermal variation of TEP data of the partially annealed 
PBA glasses can be measured and are shown in Fig. 12. As 
observed from this figure, the TEP values increase with in-
crease of temperature unlike many semiconducting oxide 
glasses where, as suggested by Heikes' model thermoelec-
tric power .r = il:/e[ln(c/(l - c ) ) + a ] , where a is a constant, 
is almost temperature independent. 
It is interesting to note that the temperature dependent 
TEP is drastically changed for the glass-ceramic supercon-
ductors (Fig. 13). Here, for all such samples, the temperature 
dependent TEP values are negative around 300 K and the 
sign changes from negative to positive around 290 K. As 
temperature decreases, the S increases exhibiting a peak 
around 115 K ( ~ r e ) and then suddenly drops to zero at 72, 
73, and 78 K (the zero resistance temperature, r,o) for the 
Pbl.S, Pb2.S, and Pb35 samples, respectively. This behavior 
is consistent with the fact that in the superconducting state, 
the S becomes zero. The variation of .S above 120 K of these 
samples is very similar to that obtained^^ for the doped 
La-Sr-Cu-0. 
It has been suggested'"* that the Hubbard model well de-
scribes the basic physics of these high-r^ materials For large 
on-site repulsion, the TEP for a Hubbard model (in the high 
temperature limit) is given by 
5 = - ( ; t / | e | ) l n 2 - ( i - / | e l ) l n ( p / l - p ) (8) 
Entropy considerations lead to this formula with p equal to 
the ratio of Cu'* to the Cu,, if the conduction process in-
volves hopping d electrons and/or holes from one Cu*^ to a 
Cu'* ion. The ln2 term appears from the spin degree of 
freedom and would be absent if Cu^* ions are magnetically 
100 200 
TIK] 
FIG 12 Thermal variation of the thermoelectnc power (5) of 
(a) PblA ( • ) . (b) Pb2A (D), and (c) Pb3/l (O) 
ordered. On the other hand, if Cu ^ * ions are not ordered and 
have twofold orbital degeneracy (which occurs for strictly 
octahedral symmetry) there would be an extra ln2 term from 
the orbital degrees of freedom. The magnetic ordering is ab-
sent in this system'^ and, therefore, the modified expression 
for TEP is 
5=-(2Jt / | c | ) ln2-(2J(: / | e | ) ln(p/ l -p) . (9) 
At room temperature for our Pbl.S superconducting, sample, 
the hole concentration is 0 198 per Cu ion For Pb2i' jnd 
Pb35 the values of hole concentration are almost same 
( ~ 0 199 per cu ion) The values are slightly greater than the 
results obtained by Tarascon et al where, for the undoped 
Bi4Sr3Ca3Cu40^ (4334) ceramic superconductor, they 
found a hole concentration of 0 15 per Cu ion by TGA and 
titration experiments This increase in hole concentration per 
Cu ion, in the present system, is simply due to doping of Pb 
as It acts as a hole donor 
We have also fitted the TEP data of our superconducting 
samples using the expression 
5 = [/\77(B^ + 7-)] + a 'r , (10) 
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SO 100 ISO 200 2S0 300 
T|K) 
n o . 13. The thonmal variation of the thennoclectric power (S) 
of the superconducting Bi4_,Pb,Sr3Ca}Cu40x glass ceramics an-
nealed at 840'C for 24 h: (a) n = 0.1 (Pbl5) (O), n = 0.5 
(Pb2S) ( • ) . and (b) n= I.O (Pb35) (O). The dotted line repre-
sent the best fit curve with Eq. (10). The same best fit curve is 
obtained with Eq. (12). 
TABLE V. Best fit parameters A, B. and a' of Eq. (3) and F, 
G, and H of Eq. (4) and (CQ— e/r), T values detcnnincd from A and 
B of the superconducting glass ceramics obtained by annealing the 









































To (it the TEP results of some superconducting as well as 
nonsuperconducting compounds, Ikegawa et al. modified the 
above equation in the following form: 
S = kB/e[l-F ln{2TrpG/T)-TIH], (12) 
where, F, G, and H are the fitting parameters. 
The thermoelectric power of the superconducting samples 
can also be well fitted, like Eq. (10), to Eq. (12). The best fit 
curves obtained with Eqs. (10) and (12) are almost similar as 
shown in Fig. 13 [for the best fit with Eq. (10)]. The corre-
sponding fitting parameters, viz. F, G, and H, are also 
shown in Table V. 
which has been used by Forro et al.?^ where the second term 
is the normal band contribution. The first term, as proposed 
by Gottwick et al?^ for the analysis of the TEP data of 
CeNijt samples, is obtained by assuming superposition of 
broad band and a localized band with a peak position at fg 
and width T. The constants A and S arc given by 
A = 2(e„-ef)/ |e | and fl2 = [ ( eo - f f ) ' + r^]/7r2^^ 
\ (11) 
where ep is the Fermi energy. The TEP results of our 
samples fitted to Eq. (10) in the temperature range of 110-
300 K are shown in Fig. 13. The best (it parameters A, B, 
and a' are given in Table V along with the values of 
(eo~ ff) and r . For all the samples a' is found to be nega-
tive and nearly the same. However, with the increase of Pb 
concentration, (eo~ ^F) decreases but T increases systemati-
cally. 
The TEP results of the glass ceramics which become su-
perconductors after annealing at 840 "C for 24 h have also 
been fitted with the Nagaosa-Lee model^ * which is actually a 
modification of the model proposed by Ikagawa et al?^ 
Nagaosa and Lee proposed that for a superconducting cu-
prate, there are two contributions in the TEP, one coming 
from bosons (Jj) and another from fermions 
{Sf):S = SB + SF with, i'B = (jfcB/e)[l - In(27rp/mjtjr)] 
and \ / r = -[kB/e]kBT/e.f, where p is the concentration of 
holes per (Cu-0) bond and m is the mass of the bosonic 
carrier. 
IV, SUMMARY AND CONCLUSIONS 
The Bi4_„Pb„Sr3Ca3Cu40;f glass ceramics annealed at 
500 °C for 10 h remain semiconductor similar to the corre-
sponding as-quenched glasses. Small polaron hopping con-
duction mechanism is valid for all these sample.s. However, a 
change over from the nonadiabatic small polaron hopping 
conduction mechanism to the adiabatic hopping conduction 
mechanism takes place with increase of annealing time and 
temperature (for instances at 500 'C for 10 h and at 
300 °C for 24 h). This is due to the formation of microcrys-
tals in these annealed glasses as observed from XRD pattern.'; 
and SEM studies. It is important to note that such microci7s-
tals might also form even in the as-quenched glasses (de-
pending on quenching rate, etc.) and as a consequence such 
glasses would show the adiabatic hopping mechanism in-
stead of the nonadiabatic hopping mechanism as observed by 
Singh and Zacharias'* and Som and Chaudhuri.'^ It is further 
observed that the semiconducting behavior of the as-
quenched and the partially aimealed glasses, at low tempera-
ture, follow the variable range hopping conduction mecha-
nism. The values of the density of states N{Ef) also increase 
with annealing time. The thermal variation of thermoelectric 
power indicates that the Pb-doped Bi-Sr-Ca-Cu-0 glasses 
and the corresponding glass ceramics are p-type semicon-
ductors. 
All the Pb-doped glasses of our present investigation be-
come superconducting after annealing at 840 °C for 24 h. 
The positive TEP values of these superconductors again in-
dicate that the Pb-Bi-Sr-Ca-Cu-0 type glass ceramics are 
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hole-type superconductors. It has also been found that the 
thermoelectric power of the superconducting glass ceramics 
varies systematically with the carrier concentrations (the car-
rier concentration is changed by substituting Pb at the Bi 
site). The zero value of the TEP at temperature Tco is con-
sistent with the corresponding zero resistance temperature of 
the glass-ceramic superconductor under investigation. The 
negative value of TEP around 300 K indicates the presence 
of both electrons and holes in the system. Similar coexist-
ence of holes and electrons has also been very recently 
I reported*" in the superconducting BaBio.25Pbo7303_j and 
Bao74Ko.57Bio3-j oxides. Again since the Nagaosa-Lee 
model considers bosonic carriers and also fit the TEP data, 
the contribution of the bosons in the thermoelectric power 
appears to be important. 
Finally, since the semiconducting behavior of the glassy 
and partially annealed Pb-doped system can be well ex-
plained by the small polaron hopping conduction mecha-
nism, one might argue that the superconductivity in the 
present glass ceramics (and in other related systems) is bipo-
laronic in origin.*'' ^ These bipolarons (or "spin 
polarons'""), might be created (with lowering of tempcr.i-
ture) from the small polarons already existing in the glassy 
phase. Indeed, experimental evidence of polaron hopping has 
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Abstract 
The superconducting properties of PbBiSCCO containing 10. 20 or 30 wt% of Ag-4 at% Cu additions, as compared to 
Ag additions, arc repotted. The highest critical currents have been found for both the 10 wt% Ag-4 at% Cu and Ag 
composites after 24 h annealing, which are about three times higher than the value measured for pure PbBiSCCO. 
SEM/EDAX shows that a coimectivity effect can account for this finding. The observed superiority of the Ag composites 
over the Ag-4 at% Cu composites is discussed in terms of the supercurrent transport properties versus interfacial effects. 
Keywords: Supeiconductors; Silver; Silver-copper »Iloy'. Critical lemperatures; Cribcal currents 
1. Introduction 
Many practical applications of bulk Bi-based high 
Tf superconductors require high critical current den-
sities. Integration of superconducting devices in elec-
tronic circuits, requires maintaining the current carry-
ing ability in ohmic contacts with metals. The vol-
ume fraction of the superconducting phases, the rela-
tive orientation of the superconducting grains and the 
connectivity among the grains, all do affect the 
critical current density, as well as'weak links formed 
at metal-superconductor interfaces [1-3]. High T^ 
ceramic superconductors are usually brittle and hard 
to shape. An attractive method for improving their 
' Corresponding author. 
On leave from the Solid Stale Physics Department, Indian 
Association for the Cultivation of Science. Jadavpur, Calcutta-32. 
India. 
ductility, without impairing the critical current den-
sity, is to process it as a composite with a relative 
high volume fraction of added metal or alloy. In such 
composite materials, new metal-superconductor in-
terfaces are formed. These composites may be con-
sidered as a dispersion of strongly superconductive 
granular islands embedded in a metallic matrix. In 
this case, the transport properties are influenced not 
only by the weak links, but also by the coupling of 
the superconducting order parameters to Josephson 
junctions [4]. In the composite material, each Joseph-
son junction is of the SNS, superconductor/normal 
metal/superconductor, type. The critical current of 
these SNS junctions is the feature that finally deter-
mines the critical current of the whole composite 
system. 
Detrimental chemical reactions may take place at 
superconductor-metal contacts. Relatively inert met-
als, such as silver, for example, are therefore prcfer-
00167-577X/96/J 12.00 Copynght © 1996 Elsevier Science B.V. All rights reserved 
SSDI O167-577X(95)O0278.2 
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able for processing composite superconducting wires 
and tapes. Apart from improving ductility, silver 
neither reacts significantly with BiSrCaCuO (Bi-
SCCO), unlike other inert metals belonging to the 
platinum group, nor does exhibit mutual solubility 
within the BiSCCO matrix [5]. 
In Ag/BiSCCO superconductors, the critical cur-
rent is contradictorily reported to be either improved, 
or deteriorated, or not affected at all [5-8]. Enhance-
ment in critical current density in Ag/PbBiSCCO is 
reported to be due to improved connectivity between 
superconducting grains [7-9]. In Ag/X/PbBiSCCO 
(X -^  Cu, In, Pb and Bi) systems, high temperature 
interdiffusion and segregation phenomena at the in-
terface have been evidenced by wettability measure-
ments combined with Auger electron spectroscopy 
(AES) [10,11]. X-ray photoclectron spectroscopic 
(XPS) depth profiling of Ag/PbBiSCCO films an-
nealed up to 700°C has shown Cu enrichment at the 
interface [11], accompanied by a decrease in contact 
resistivity [12]. Substituting AgCu for Ag sheeting in 
powder-in-tube PbBiSCCO caused interfacial Cu 
segregation [13]. The effect on transport properties 
has however not been clarified yet. In SNS junctions, 
the critical current is maximized by high reflection 
from an SN boundary and by tunneling (in the 
"clean limit" case ^), or by the proximity effect ^ 
which is reduced by high resistivity of the weak link 
(in the "dirty limit" case) [4]. 
This paper reports the effects of 10-30% AgCu 
additions on the electrical properties of the AgCu-
PbBiSCCp composite, as compared to those of pure 
silver. The concentration of copper in the AgCu 
alloy has been chosen as 4 at%, according to the 
optimum measured wettability [10], which could be 
correlated with improvement in transport characteris-
tics. Critical currents values in the composite mate-
rial are assessed on the basis of possible influence of 
either interfacial processes or junction transport 
properties. 
2. Experimental 
Commercial PbBiSCCO powders with metal stoi-
chiometry Pb2,g2Bi,,2gSr24 94Ca24 j4Cu2g.23, heat 
treated for superconductivity by the supplier 
(Hoechst, Germany), were used. The powders were 
mixed with 10 wt%, 20 wt% and 30 wt% Ag-4 at% 
Cu chips (in the 30.0 to 50.0 i^m size range) or with 
silver powders (in the 1.7 to 3.3 mm size range), 
both compacted in 1.5 mm thick pellets, in an hy-
draulic press (at a pressure of 25 t). The pellets were 
annealed at 810°C for 24 and 48 h in air, followed by 
furnace cooling. Table 1 shows the labeling of the 
samples. Annealing at 840°C, as recommended in the 
literature [7,9], did invariably result in partial melting 
of the pellets, enhanced by the presence of the Ag 
and AgCu additions. The annealed samples were cut 
into 9.0 X 6.0 mm platelets for critical current and 
critical temperature measurements. Compositional 
and microstructural features were analyzed by a Jeol 
35C SEM with an ED AX atUchment. Elemental 
mapping has been done in correlation with mi-
crostructural features, and is depicted on backscat-
tered electron images. Relative volume fractions of 
the superconductive (2201, 2212 and 2223) and of 
the impurity (Ca2Pb04) phases have been evaluated 
by comparing intensities of characteristic X-ray 
diffraction peaks, obtained by a PW 1050-70 diffrac-
tometcr with Cu Ka radiation [2]. Electrical resistiv-
ity was measured by the four-probe dc method, from 
room to liquid nitrogen temperatures. The point con-
tacts consisted of copper wires indium-brazed to 
Table 1 
Sample identification 
."Clean" or "dirty" limits reffer to the amount of impurities 
which are present m the normal metal [4]. 
The "proximity" effect is the formation of a superconduct-
ing correlation in the normal metal, through the SN interface, and 
the concoinnutant suppression of the order parameter in the 
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silver coated PbBiSCCO samples. At room tempera-
ture, the contact resistance ranged from 0.1 to 0.3 fi. 
When die four-probe dc method is used for critical 
superconductmg currents measurements m bulk ma-
terial, heat dissipation may cause deleterious heating 
of the sample. Therefore, for currents in the range of 
10 to 100 A measured in this study, pulsed ac 
currents have been used [15]. In this method, the 
cntical current ^ is defined, from the dynamic I-V 
characteristic curve, as the current corresponding to 
10 j iVcm' ' . 
3. Results and discussion 
3 1 Elemental and phase analyses 
No significant compositional changes have been 
detected in the 48 h annealed, as compared to the 24 
h annealed samples, in both the Ag and the AgCu 
added PbBiSCCO composites Backscattered elec-
tron images of samples BI(IO) and 81(30) are shown 
in Fig la and Ic respectively, and the corresponding 
elemental mapping is seen in Fig lb and Id In both 
samples, clustered silver areas are seen, with sizes 
ranging from 12 0 to 25 0 .^m Overall area coverage 
and silver clustering are both more pronounced m 
the BI(30) samples than in BI(IO) 
Relative volume fractions of the 2201, 2212, 2223 
superconducting and the Ca2Pb04 impunty phases 
are shown on Fig 2a-2d No correlation is observed 
between the evolution of the phases and the amount 
of metallic addition Samples with 10% added Ag or 
Ag-4 at% Cu (senes I), contain nearly the same 
amount of the 2201, 2212 and 2223 phases, though 
less than the pure PbBiSCCO specimen Although 
some of the samples show higher amounts of super-
Fig 1 Scdnning electron microscopy of PbBiSCCO/Ag 10 wt% Ag (Bl) and 30 wl% Ag (BID lamplc", (a) microstruclure. (b) Ag 
elemental mapping of BI(IO). (c) microstructure, (d) Ag eleraenul mapping of BI(30) sample 
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conducting phases, no clear correlation with critical 
currents and critical temperatures can be noted. It 
therefore appears that there is an additional factor 
that influences the critical current, probably a mor-
phological one (see below). 
3.2. Critical temperatures 
Measured critical temperatures are shown in Fig. 
3. Among the samples studied, the pure PbBiSCCO 
sample AI (annealed for 24 h) shows the highest 
critical temperature 7*^ , 112.3 K, defined as the tem-
perature 'where the resistivity is less than 10"' n 
cm. Silver addition causes a slight decrease in 7^ , 
with BI(2S) showing the highest critical temperature, 
111.3 K. The critical temperatures of all Ag-4 at% 
Cu added samples are lower than those of the corre-
sponding silver containing samples, and cntical tem-
perature values decrease with the increase in Ag-4% 
Cu volume fraction. The TJ. values of series II 
samples (annealed for 48 h) are lower than the 
corresponding series I samples (annealed for 24 h) 
This could be due to the more prolonged exposure of 
the former samples to atmospheric oxygen, in accor-
dance with similar observations reported m Ref. I8] 
Decrease of T^ in Ag-containmg BiSCCO sam-
ples has been also reported by Chiu et al [16] These 
authors observed a decrease of 50-70 K m critical 
temperatures, for samples annealed at 843°C No 
significant degradation in T^  occurred when the sam-
ples were annealed at 827°C [16], in agreement with 
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Fig 2 Relative volume fractions from XRD analysis of the PbBiSCCO (A). PbBiSCCO/Ag (B) and PbBiSCCO/Ag-4 at% Cu (C) 
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Series I 
Series II 
BIO B25 B30 CIO C25 C30 
Fig. 3. Critical tempemuret of the PbBiSCCO (A), PbBiSCCO/Ag (B) aod PbBiSCCO/Ag-4 at% Cu (C) composites with different meul 
fraction after air annealing at 810*C for 24 h (leriet 0 and for 48 h (series 11). 
3.3. Critical currents 
Critical currents (/j) measured for the PbBiS-
CCO. PbBiSCCO/Ag and the PbBiSCCO/Ag-4 
at% Cu samples are presented in Fig. 4. The critical 
current values of all series I samples are substantially 
higher than the corresponding values for series II. 
Sample BI(10) shows the highest measured critical 
current, about SO 'A, more than three times the value 
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BIO B25 B30 CIO C25 C30 
Fig. 4. Ctiucal cutrcnts of the PbBiSCCO (A), PbBiSCCO/Ag (B) and PbBiSCCO/Ag-4 at% Cu (C) composites with different metal 
fraction after air annealing at 810°C for 24 h (Series t) and for 48 h (Series II). 
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amounts of silver cause ^ to decrease moderately. 
As for the Ag-4 at% Cu composites, CI(25) and 
CI(30) exhibit severe deterioration of the critical 
current, whereas CI(IO) is only slightly inferior to 
BI(IO). Degradation of critical currents has been 
reported for silver addition above 60 wt% [17], while 
Yufang et al. [9] found that the highest critical 
current is obtained in samples with a silver optimum 
concentration of 5.4 wt%, in accordance with the 
findings of the present study. Apparently, at weight 
fraction between 5 and 10% silver acts as a good 
connector between the superconducting grains, re-
sulting in higher critical current values, probably due 
to a proxipiity effect. It has indeed been reported that 
the critical current values depend not only on the 
amount (volume fraction) of the superconducting 
phases in the material, but also on the extent of 
connectivity among bulk superconducting grains, 
which allows for higher unpinned supercurrent to 
flow [18,19]. The morphological features seen in Fig. 
I a and b seem indeed to indicate that silver fur-
nishes extended connectivity paths within the PbBiS-
CCO matrix. When silver or Ag-4 at% Cu contents 
arc increased beyond the 10 wt% limit, the larger 
clusters of the normal metal (see Fig. Id) probably 
act as barriers, causing then reduction of the critical 
current. 
In attempt to account for the observed overall 
critical currents measured for the Ag-Cu composites 
as compared to the silver composites, we use an 
expression given for the critical current density in 
SNS junctions, at temperatures lower than the critical 
temperature [4]: 
A is a constant. Variations in critical current depend 
mainly on the value of 7, as the other parameters in 
Eq. (1) are almost constant for the considered mate-
rial system. Since it is known that v^ u < ^AJ 1^ 0], it 
can reasonably be assumed that v)/^ ,cu ^ "AJ • There-
fore -y for AgCu is expected to be larger than the one 
for silver, as the Fermi velocities of the supercon-
ducting state are the same in both composites. Ac-
cording to Eq. (I), higher 7 results in lower critical 
current (and density), as observed for the Ag-4 at% 
Cu versus silver composites. 
To conclude, transport and microstructural proper-
ties of normal metal inclusions connecting between 
superconducting grains, seem to play a major role in 
the composite overall critical current value. This 
effect appears to be more important than the role of 
the superconductor-normal metal interface composi-
tion. In order to establish this preliminary conclu-
sion, fiirther studies involving PbBiSCCO/AgIn and 
other silver alloy composites are in progress. 
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; = (^r)-
exp{-ytd/i,) 
v^7^£/[l+A:\/l + (A/'7rr)M 
(1) 
where t = T/T^, T and T^ are the measuring temper-
ature and critical temperature of the sample.v » 
mjm^, with m^  and m„ the critical masses in the 
superconducting and normal states respectively,7 = 
v,/v„, with \), and v„ the Fermi velocities of the 
superconducting matrix and normal metal respec-
tively,^ =(1 H-7^)727, d is the thickness of the 
normal metal, 5, is the coherence length in th*" 
superconducting state, A is an order parameter and 
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SUPERCONDUCTING GLASS CERAMICS 
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1. INTRODUCTION 
Since the discovery of high temperature superconductivity in the La-Ba-Cu-0 
system [1], a large number of cuprate superconductors such as Y-Ba-Cu-0 (YBCO) 
[2], TI-Ba-Ca-Cu-O (TaBCO) [3], Bi-Sr-Ca-Cu-0 (BiSCO) [4], Hg-Ba-Ca-Cu-0 
(HBCCO) [5-7], and A-Cu-O (A = Ca, Sr and/or Ba) [8-11] have been 
discovered. YBCO was the first system to be superconducting above 77 K, the 
liquid nitrogen temperature. With this discovery, it was thought that the presence of 
a rare earth element is essential for superconductors having critical temperature Tc 
higher than 77 K. However, the later synthesis of the TaBCO and BiSCO systems 
did contradict this assumption. The TaBCO and BiSCO systems have shown higher 
critical temperatures, a property believed to be associated with the number of 
consecutive Cu-0 crystal 1 ©graphic planes between Tl-0 or Bi-O layers [12-14]. The 
main disadvantage of the Tl and Bi based systems is the difficulty to synthesize a 
pure single bulk superconducting phase [15-16]. The Tl based cuprates have slightly 
higher critical temperatures than the BiSCO family, but are hazardous to synthesize 
due to the Tl toxicity and volatility. The recently discovered HBCCO system shows 
the highest Tc (>134 K) so far [7, 17] but the preparation of this superconducting 
system is also hazardous, due to the volatility of toxic Hg [5-7, 17]. Another newly 
discovered superconducting system, A-Cu-O, shows high critical temperature (117 
. On leave from Solid State Physics Department, Indian Association for the Cultivation of 
Science. Jadavpur, Calcuuta-32, India. 
. To whom correspondancc should be addressed. 
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K) [18] but needs to be synthesized under high pressure [8-11, 18]. All cuprate based 
ceramic superconductors need oxygenation treatments at elevated temperatures, for 
prolonged periods of time, in order to become superconducting (at low 
temperatures). Even so, the various practiced heat treatments, as reported in the 
literature, are generally not providing a material entirely free from non-
superconducting phases in the bulk. Pb doping of BiSCO, resulting in PbBiSCO, has 
however been shown to increase the volume fraction of the superconducting phases. 
BiSCO and PbBiSCO have attracted much attention, compared to other cuprate 
superconducting systems, due to ease of preparation and low cost of raw materials. 
They are use i^ in thin film and bulk forms. Critical currents of thin film 
superconductors are higher than those of bulk materials. However, bulk BiSCO and 
PbBiSCO are currently used in important technological applications, such as 
superconducting wires, coils and magnets. Bulk superconducting hollow cylinders 
serve for magnetic shielding and microwave cavities. 
A large number of techniques have used for the preparation of BiSCO and 
PbBiSCO superconducting bulk materials: the ceramic method [19-22], the sol-gel 
process [23-24], the coprecipitation and precursor method [25-27], the combustion 
method [28], the glass to ceramic method [29-37]. In either way, the final product 
elemental composition and eventual superconducting properties depend on the 
initial composition used, the temperature and time of the oxygenation heat 
treatment and the annealing atmosphere. The ceramic method is widely used, . 
despite its many limitations: the reaction rates between the constituents are slow, 
and there is no simple way to monitor the progress of the reaction; compositionally 
homogeneous product is not always feasible. The sol-gel and coprecipitation and 
precursor methods have the advantage of good mixing of the raw materials, as they 
are chemical or solution iroutes. These processes use multivalent organic 
compounds, like oxalates, for example. Numerous stages of annealing are required 
to get the final superconductors. 
In the past years, the glass to ceramic route has attracted much attention [29-37]. 
This method of preparation requires high temperature for melting. The affinity of the 
raw materials to the crucible materials generally results in the appearance of 
impurity phases in the final product. However, this method has the following 
advantages: 
i). melting of the starting materials provides homogeneity; 
(ii). the technique provides a convenient means for fabrication of shaped high Tg 
superconductors; superconducting fibers, wires/tapes may be drown [38-39]; 
(iii). highly dense superconducting materials are obtained, with nearly zero porosity 
[31]; 
(iv). the growth of superconducting crystals can be done in preferential orientation 
[40]. 
These last 2 advantages eventually cause significant improvement in the critical 
current density of the superconductors. 
Processing of BiSCO and PbBiSCO superconducting compounds is a major 
challenge to materials scientists. In these materials, the phase formation depends on 
numerous parameters. An understanding of the formation of various high Tc phases in 
BiSCO and PbBiSCO system is critical for materials processing. In this review 
paper, the preparation of BiSCO and PbBiSCO superconducting materials by the 
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glass ceramic method, the resulting structures and properties of the different phases 
and the parameters that lead to the phases evolution are discussed **. 
2. PHASE STRUCTURES AND PROPERTIES 
There are three types of Bi-based cuprate oxide superconductors depending on the 
number of Cu-0 planes. Their general formula is: Bi2Sr2Can.iCun02n+4+6 where n 
= 1, 2, 3. or, in a different notation: 2201, 2212 and 2223 [4, 41-43]. 5 stands for 
small variations in oxygen content from the exact value required for the phase. 
Another type of classification, not used in the present review, is: Bi2(Sr, Ca)2CuOx 
[41),Bi2(Sr, Ca)3Cu20x" [4, 44] and Bi2(Sr, Ca)4Cu30x" [4, 44]. The 
crystallographic structures differ in the number of Cu02-Ca-Cu02 planes packed 
along the c axis [43]. Unit cells of BiSCO and PbBiSCO have lattice constants as 
follows: 
(i). 2201: a = 5.371(2) A; b = 5.372(2) A; c = 24.59(1) A; 
(ii). 2212: a = 5.410(2) A; b = 5.410(2) A; c = 30.84 .A; 
(iii). 2223: a = 5.4101 A; b = 5.410 A; c = 37.13 A. 
The three phases have layered structures parallel to the crystallographic a-b plane, 
consisting of rock-salt-like BiO bilayers that alternate with perovskite-like Sr2Can-
]Cun units. Figure 1 shows the complex unit cell of the 2223 structure. 
The 2212 and 2223 members of the homologous series Bi2Sr2Can.iCun02n+4+6 
may be described as double BiO layers alternating with Sr2CaCu206 and 
Sr2Ca2Cu306 units respectively. Perovskite-like Sr2Can.iCun units contain Cu02 
sheets formed by comer sharing CUO4 units. The Cu02 sheets are oriented parallel to 
the a-b plane. So all the members of this series consist of Cu02 sheets separated by 
Ca and "covered" in the c-direction by SrO sheets. These perovskite-like units 
alternate in the c direction with BiO bilayers [45]. The phases exhibit a modulation 
in the b axis direction. The spacing of this superstructure is approximately 4.74 times 
the b axis parameter [46-47] and belongs to the space group Pcnn or Pmnn [48]. The 
superstructure is due either to the modulation of BiO bilayers [49-50], or to an 
alternation of the rock-salt structure and the perovskite-like structure of the BiO 
bilayer [49], or, alternatively, to an alternation between a quadratic pyramidal 
coordination of Bi and oxygen and an imperfect rock-salt structure [50]. 
Tarascon et al. [43] observed that Bi2Sr2Can.iCun02n+4+5 has a pseudo 
tetragonal structure which can be described as a stacking of a basic Bi2Sr2Cu06 
unit with either zero, one or two CaCu02 slabs insened. The observed increase in c 
parameter for increasing n value is due to the progressive addition of 2x1 and 2x2 
(doubled because of the crystallographic shear) CaCu02, each about 3 A thick, to 
the stacking sequence in the unit cell. The substitution of Bi by Pb promotes a 
structural change of the superconductors from pseudoietragonal to orthorhombic [51]. 











But Kambe et al. [52] found that after 
annealing the Pb substituted Bi-Sr-Ca-
Cu-0 samples in N2, Ar or in very low 
pressure O2. a structural change from 
orthorhombic to monoclinic occurred. 
Though most Cu ions in the BiSCO 
glass exist in the Cu(I) state at elevated 
temperatures, the CuO dissociates into 
Cu20(s) and 02(s) [45] with the 
increase of temperature. The mean 
copper va l ances in the 
Bi2Sr2Can.iCun02n+4+5 superconduct-
ing systems for n = 1, 2 and 3 are 1.86, 
2.07 and 2.29 respectively [45]. The high 
Tc phases exhibit a pronounced 
anisotropy of their properties as 
expected from their layered structures. 
The linear coefficient of thermal 
expansion, as an example, goes through 
a transition around 400 C, from 1.15*10* 
' to 1.57*10"^ C '^ when expansion 
is checked in a direction parallel to the 
a-b crystallographic plane, or from 
1.79*10-5 to 3.06*10-5 C-1, when 
expansion was checked in a direction 
parallel to the c crystallographic axis 
[37]. The anisotropy causes also a 2-
dimensional transport superconductivity. 
The 2212 and 2223 phases have small 
coherence length and London 
penetration depth [45], compared to 
those of low Tc superconductors like 
Nb3Sn a^ nd NbTi. The critical 
temperatures for n = 1, 2, 3 are 
respectively: 20, 80 and 110 K. but the 
Tc values strongly depend on the 
oxygen, calcium and bismuth contents 
of the phases [45]. 
3. BULK GLASS AND GLASS CERAMIC 
PREPARATION TECHNIQUES 
Figure 1. Unit cell of the 2223 
structure. 
Bulk BiSCO and PbBiSCO 
superconductors can be obtained by the 
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glass ceramic technique because these systems contain the glass former bismuth 
oxide. Bismuth and lead oxides form glass if they are mixed with suitable other ox-
ides. The presence of PbO decreases the melting temperature of the Bi-based 
glasses. The usefulness of the addition of the PbO is also to produce the highest 
volume fraction of the single high Tc 2223 phase [55]. Bi-based glasses aie prepared 
by twin roller quenching [30, 56-57], splat cooling [31], the metal plate melt-
quenching method [22, 37, 58], single roller spinning [32], and quenching of molten 
material into liquid nitrogen [59-60]. The glasses can be obtained in the form of 
glassy plates [37, 58, 61-66], glassy rods [67-68], hollow cylinders [69], glass fibers 
[38, 70], and amorphous films [57]. They are annealed at appropriate temperatures 
and in appropriate atmospheres to get the desired glass ceramic superconductors. 
Carbonates and oxides are generally used as starting materials to prepare the 
superconducting glass ceramics. Appropriate weights of Bi203, PbO (or Pb304), 
SrC03, CaC03 and CuO of high purity are mixed in agate mortars, according to the 
desired stoichiometric ratio. The powder mixture is calcined at about 800 ^C for 10-
24 hours. The calcination procedure is repeated 3 to 4 times, with repeated 
mixing to improve homogeneity. The calcined powder is then melted in a platinum 
or alumina crucible at 1100-1250 ^C for 20-90 minutes. The melts are poured on a 
thoroughly polished copper, steel or iron block and immediately pressed by another 
highly polished block to get plates a few millimeters in thickness. The as-quenched 
samples are glossy black in appearance and electrically insulating. The samples are 
then annealed at various temperatures for 12 - 240 hours in air or in an oxygen 
atmosphere, and subsequently cooled down to room temperature at different cooling 
rates. Frequently practiced initial compositions, calcination and annealing durations 
and temperatures, as well as the resulting critical temperatures and currents of the 
final superconducting glass ceramics are shown in Table 1. A few typical procedures 
used to prepare Bi-based glass ceramic superconductors are described in detail 
below. 
The metal plate melt-quenching preparation method uses commercially available 
Bi203, SrC03, CaCOs, CuO and PbO powders as starting materials, in appropriate 
weight ratios [37]. The amounts of PbO and Bi203 are according to the Pb:Bi molar 
ratio of 0.6:1.4. The mixed powders are grounded in a mortar. The decomposition of 
the carbonates (the calcination step) las^ ts 12 hours at 800 ^C, in air, in 
AI2O3 crucibles, followed by furnace cooling. The resulting material is then ground 
again to powders. The powders are given two additional calcination treatments at 
820 ^C, and ground again. Melting, in a metallurgical grade AI2O3 crucible, is done 
at 1150 ^C. This melting temperature is maintained for periods varying from 15 to 90 
minutes. The melts are then quenched between two highly polished stainless steel 
(or copper) blocks. The as-quenched amorphous platelets, with smooth surface and 
glassy appearance, were generally 1 - 2 mm in thickness. The growth of the high Tc 
superconducting phases in BiSCO ceramics from the amorphous state was then 
induced by oxygenation in streaming air, at different temperatures and times. 
Ibara et al. [63] prepared the PbBiSCO glasses also using carbonates and oxides 
powders, melted in an alumina crucible at 1150 ^C for 30 - 40 minutes in air. The 
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. The glassy samples of 1 mm thickness were then annealed at 840 - 850 ^C for 100 
hours in a mixed Ar:02 atmosphere, and furnace cooled. Yamanaka et al. [62] used 
the same type of materials. They mixed the initial powders using ethanol for 1 hour. 
The melting temperature was 1100 OC in a Pt crucible. Annealing was done at 
various temperatures for 12-200 hours. Komatsu et al. [65] calcined the initial powder 
mixture at 800 ^C for 10 hours in air. The calcinated powders were then melted in an 
alumina crucible at 1250 ^C for 20 minutes. The glasses were annealed at 840 '^ C for 
250 hours in air. Egawa et al. [66] prepared BiSCO glassy samples, again using 
carbonates and oxides as starting materials. Calcination was done at 840 ^C for 30 
hours, and grinding performed for several times. The melting temperature was higher 
than 1000 "C, the crucible made of Pt. The splat quenched glassy samples were 
partially melted at 900 ^C for 10 minutes, slowly cooled from 900 to 850 '^ C at the 
rate of 0.5 to 5.0 ^C hour"^ in flowing oxygen, and finally cooled to room 
temperature at the rate of 100 ^C hour"'. 
The fabrication of BiSCO glass rods (500 mm long) by melt-casting has been 
proposed by Abe et al. [67] and Kasuga et al. [68]. In Ref. [67], the low viscosity 
BiSCO melt is vacuum pumped into a silica glass tube to obtain a rod-shaped glass. 
In Ref. [68], calcination is performed at 800 ^C for 10 hours in air and melting in 
an AI2O3 crucible at 1150 ^C for 30 minutes. The melt was pumped into a silica 
glass tube 2 mm in diameter and 40 mm in length. The glassy tubes were oxygenated 
in air at 850 ^C during 100-500 hours, and then rapidly cooled to room temperature. 
PbBiSCO glass fibers were drawn by Mollah et al. [74]. The mixtures stayed at 
1150 - 1200 ^C during 1 hour. The melt was drawn to (glassy) fiber. Komatsu et al. 
[61] prepared BiSCO glassy plates, suspended them inside an electric furnace. The 
softened plates were then drawn into fibers, that were subsequently annealed to get 
superconducting fibers. 
Abe et al. [69] prepared fully open or half open glass pipes. They casted the melt 
into a silica glass tube by vacuum pumping. By suction, the inner low viscosity part 
of the rod is removed while the outer part of the rod like melt is allowed to solidify. 
The pipes were annealed at 800 ^C for 50 hours in air to obtain glass ceramic pipes. 
Seed superconducting crystals have been introduced into amorphous material 
during the annealing stage [64]. Melting was done in an alumina crucible at 1050 ^C 
for 1 hour. The melt was quenched to the glassy state between copper blocks. The 
amorphous plates were ground for 30 minutes, pressed into pellets, and annealed 
at 850 ^C for 1 to 50 hours in an Ar-7.6% O2 atmosphere. At this stage, the seed 
crystals were introduced into the amorphous powders. Additional annealing was 
performed to obtain the glass ceramics. The seed crystals did enhance the formation 
of 2223 phase [64]. 
4. CHARACTERIZATION PROCEDURES 
Information on the glass transition and crystallization temperatures, on eventual 
oxidation/reduction reactions in the glasses and glass ceramics.can be obtained by 
differential scanning calorimetry (DSC), differential thermal analyses (DTA) or 
thermogravimetric analyses (TGA). The formation and evolution of the 
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(superconducting and "impurity") phases can be deduced from X-ray diffractions 
(XRD) performed at various temperatures or after the practiced heat treatments. 
Microstructures are investigated on scanning electron micrographs (SEM), reflected 
light micrographs (RLM) or by transmission electron microscopy (TEM). The 
chemical composition of the phases analyzed by energy dispersive analysis of X-ray 
(EDAX) or electron probe microanalysis (EPMA). Atomic vacancy like defects and 
phase transformations may also be observed by micro-Raman spectroscopy (MRS), 
electron spin resonance (ESR) or positron annihilation spectroscopy (PAS). Electric 
and magnetic properties of the superconducting materials are characterized by re-
sistivity and critical current measurements, using either the 4-probe technique or 
magnetic susceptibility measurements. The following sections provide a review of 
the use of the above-mentioned techniques for characterising bulk Bi-based 
superconducting glass ceramics. 
4.1. X-Ray Diffraction 
The most efficient way to determine whether the sample is glassy or crystalline is to 
analyze the XRD pattern. CuKa, CoKa, FeK(x radiations are generally used. A 
glassy sample shows no distinct peaks but a broad hump around the 30 ^ 2-theta 
angle. If however some peaks are showing, some unreacted starting material may be 
still present in the sample. In a glass ceramic XRD, each crystallographic phase, 
including impurities, is represented by the characteristic peaks. By comparing the 
peak heights, one can infer about the volume fraction of the different superconduct-
ing phases or impurities [36-37]. In BiSCO and PbBiSCO, the phases are the high T^ 
superconducting 2201, 2212 and 2223 -h the (eventually ) numerous residual 
impurities, such as: Ca2Cu03, Ca2Pb04, CuO, CaO, (Ca, Sr)2Cu50g, (Ca, 
Sr)i4Cu2404i, (Ca, Sr)2Cu03, (Ca, Sr)2Cu03, SrBi204. CaPbOs-x and Cai. 
xCu02- Massalker et al. [37] analyzed the evolution of the high Tc superconducting 
phases by adding the intensities of three characteristic and well identified peaks of 
the 2212 (the 002,-008 and 115 diffractions) [75] and of the 2223 phases (the 002, 
113 and 115 diffractions) [76] separately, as a representative value for the volume 
fraction of each phase. The same procedure has been used to compare the volume 
fractions of the "impurity" phases, such as the Ca2Pb04, Ca2Cu03, CuO, CaO, and 
(Ca, Sr)3Cu508 compounds. A typical X-ray diffraction of (ground to powder) 
crystallized PbBiSCO is shown in Figure 2 [37]. 
Shan et al. [36] estimated the volume fraction V of the high Tc 2223 phase from 
the peak intensities I reflected by the (115) plane. The corresponding 26 values for 
the 2201, 2212 and 2223 phases ai;e 26.2 0, 27.5 ^ and 29.8 ^ respectively [36]. The 
volume fraction of the 2223 phase is then given by: 
T/ ^2223 
" " ~ r/ 4-/ ->.T V 
V'2223 "^ ^2212 "^ ^220U 
Zhao and Che [77] have used the peak intensities of (0010) for 2223 and (115) for 
2212 phases to estimate the volume fraction of 2223 phase in the same way. 
162 
275 



















' ' '• I ' ' • I ' " I ' ' ' I ' ' • I 
4 4.4 4.8 5.2 5.6 6 
L 200 + H 300 
H 0014 + L 202 
0020 
I I I I I I T - r I ' • ' ' I I I I I I I I I I I I I T - r T 
10 15 20 25 30 35 40 45 50 
Diffraction Angle [degrees] 
Figure 2. Typical x-ray diffraction of crystallized powder PbBiSCO. 
The inset represents the diffractogram at small angles, 4-6°. L ;^/ or / / 
hkl labels refer to crystallographic planes of the 2212 and 2223 
superconducting phases respectively [37]. 
4.2. Scanning Electron Microscopy and Energy Dispersive Analysis of X-Ray 
Grain size and grain size distribution, as well as phase morphologies are 
visualized by SEM. As observed in electron micrographs [36-37, 62, 65], 
superconducting phases are plate-like. The lamellar crystals in [37] are characteristic 
of the 2212 superconducting phase. Komatsu et al. [65] observed plate-like crystals in 
all superconducting samples. They concluded that the morphology of the 
superconducting crystals prepared by the melt-quenching method are similar to those 
prepared by the ceramic method. Kanai et al. [59] obsarved fine grains with a 
laminated structure in samples annealed at 754 ^C. The laminated structure 
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Samples annealed above 803 ^C had a lower density than the samples annealed 
below 754 ^C. This could be related to the anisotropic growth of phase 2212. If grains 
grow in random directions, voids tend to be produced among the plate-like grains. 
EDAX provides elemental composition analysis, observations on the eventual 
volatility of constituents [37] and on composition changes with either annealing 
lime, temperature or atmosphere. Microstructure is generally nonuniform in BiSCO 
and PbBiSCO. EDAX analyses show a great variability, as reflected by standard 
deviations in elemental analyses. Massalker et al. [37] observed drastic changes in 
the composition of as-quenched and heat treated specimens, as seen in Table 2. 
Generally, the oxides in the BiSCO system arc represented by the riominal number 
of moles of metal elements; .2201, 2212 and 2223. However, elemental analyses do 
not provide such simple ratios. If during a specific heal treatment, one or more 
among the constituent elements did evaporate, the reported concentrations of all 
other elements are affected, as the overall sum of concentrations has to remain 100 
%. Lowering the content of one element causes an apparent increase in the amount 
of others. There is, however, some composition evolution that may be deduced from 
the values reported in Table 2. [37]. Pb exhibits a very high evaporation rale. The Pb 
concentrations are invariably lowered as the exposure times are increased, and this 
effect is enhanced at higher temperatures. The concentration of Cu seems to remain 
close to nominal composition. Sr decreased in content with time, while Ca 
evaporated at prolonged exposures [36-37]. The evaporation of Bi started at 860 ^C 
and a highly significant evaporation was observed al 870 ^C [37]. The presence of Al 
in the superconducting specimen is almost always reported, as a result of chemical 
reaction with the alumina crucible. The concentration of Al is higher in samples 
having been treated al higher temperatures or for a longer time. 
4.3. Thermal Analyses 
Thermal analysis is widely used to identify crystallization, glass transition and 
melting temperatures. Glass transition temperatures for Bi-based glass ceramics 
range from 396 to 408 ^C [37] and crystallization temperatures from 450 to 470 ^C. 
The coefficient of thermal conductivity can also be extracted from DSC 
thermograms [37]. The thermal analyses can be performed in air, oxygen, nitrogen or 
argon. 
The formation sequence of the crystalline phases from the amorphous state has 
been checked by Massalker el al. [37], in flushing argon or air, by DSC. A typical 
thermogram is shown in Figure 3, for an as-quenched, amorphous sample. An 
endolhermic peak is observed, believed to be due to the glass transition starting at 
Tg = 401 ^C and two endolhermic peaks at Txi = 465 ^C and a stronger one al Tx2 = 
504 ^C, reflecting a 2-stage crystallization process. These two crystallization peaks 
occurred at higher temperature when heated in argon rather than in air. Some groups 
[35, 63] observed only one crystallization peak instead of two. 
XRD analyses have shown that the broad exothermic peak al 768 ^C is due to the 
formation of a significant amount of the 2212 superconducting phase, together with 
the appearance of increased amounts of Ca2Pb04 and CuO. The deep endolherm at 
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Figure 3. Typical DSC thermogram of an as-quenched, amorphous 
sample [37]. 
accompanied by a distinct softening of the specimen in the vicinity of that 
temperature. However, no reaction has been observed after 800 ^C when the same 
DSC analysis was performed in argon, instead of air. As the 2223 superconducting 
phase has higher oxygen content than the 2212 phase, growth of the 2223 phase 
beyond the initially crystallized amount is connected to a partial melting of the 2212 
phase, and addition of oxygen. The authors [37] observed that decomposition of both 
the 2212 and 2223 phases occurred after 907 ^C, accompanied by some renewed 
softening of the specimen. Complete melting occurred between 1000 and 1050 ^C. 
Hinks ct al. [31] observed an endothcrmic peak around 450 ^C, believed to be due 
to initial crystallization of the glasses. They also found a second exothermic peak at 
570 ^C which they could not identify. An exothermic peak near 800 ^C is due to the 
formation of superconducting phases. Shan et al. [36] observed the first exothermic 
peak in PbBiSCO material at 480 ^C which is believed to be due to the 
crystallization of 2201 phase. They observed a 2212 phase formation at 730 ^C. From 
DTA and other results, they concluded that the optimum temperature for the 2223 
phase formation was ~ 842 ^C. According to Kanai et al. [59], the large endothermic 
peak around 875 ^C was probably due to the formation of a liquid phase. The peaks 
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Figure 4. Weight change with temperature of an as-
quenched amorphous sample, annealed in air (a) and 
in argon (b) [37]. 
Since the quenched glasses are prepared by rapid quenching from a melt well 
above the melting point, the glassy phase is often strongly oxygen deficient. TGA of 
the glassy samples in air or in oxygen generally show distinct weight gain, due to 
absorption of oxygen. According to Kanai et al. [59], the weight of the sample 
gradually increases from 500 ^C, reaching a maximum between 750 and 850 ^C. The 
evolution of the oxygen content in as-quenched, amorphous samples, heat treated 
for oxygenation has been studied by TGA, also used to evaluate the isothermal 
weight changes at 650 ^C, due to oxygen absorption or desorption. 
Figure 4 shows the results of the weight changes with increasing temperature of an 
amorphous, as-quenched sample Pb0.5Bi08Sr1.0Ca07Cu1.6Oy in air and argon 
[37]. 
In argon, a small weight loss was observed up to about 700 ^C, followed by a 
drastic and continuous lowering of the weight, up to 960 ^C. Conversely, in air, a 
small loss was observed up to about 600 ^C, followed by a drastic increase above 
the nominal weight. The weight was then lowered steadily with increasing 
temperature. The authors [37] concluded that the gain in weight was due to oxygen 
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intake solely, as necessary for the formation of the high Tc superconducting phases. 
It did not occur in argon atmosphere, and may be even higher in air as some amounts 
of Pb and/or other constituent elements, such as Sr, evaporated after 720 *^ C, as 
suggested by the behavior of the sample in argon. Figure 4b. 
Holesinger et al. [35] observed a substantial amount of oxygen intake, when 
heating BiSCO glass in oxygen. The glass transition was observed at 398 ^C in 
argon, instead at 415 ^C in oxygen atmosphere. Oxygen intake started near 415 
the maximum amount of oxygen was absorbed by the glass between 600 and 700 ^C. 
Weight started to decrease above 803 ^C. 
The interesting result of the oxygen balance study, obtained by Massalker et al. 
[37], was the oxygen intake starting as early as at 600 ^C. A comparative study of 
weight change during annealing of powder- and plate-like sample has shown, see 
Figure 5, that the platelet shaped sample gains less weight than the powders. During 
the long lime annealing, the powder sample became saturated in oxygen and then a 
decrease in weight was observed for prolonged annealing. The plate-like sample 
needed more time to be saturated in oxygen gain. Prolonged annealing did not 
produce weight loss in this sample. The oxygen intake in solid samples is believed to 
be due to 3 distinct phenomena: a) absorption of gaseous oxygen onto surfaces and 
pores; b) surface oxidation, including grain surfaces in polycrystalline material; c) 
solid state diffusion from grain surface into the bulk. The results presented in that 
study pointed to the fact that the surface to volume ratio of samples treated for 
oxygen intake, an unavoidable step for the production of superconducting material, is 
an essential parameter that controls both the time necessary to achieve optimum 
intake and the amount of oxygen, and therefore the amount of high Tc phases present 
after the treatment. 
4.4. Critical Temperature Measurement 
The critical temperature Tc for the transition from normal to superconducting states 
is deduced from magnetic susceptibility or electric resistivity changes with 
temperature. The temperature at which the measured property starts to drop is the 
critical onset temperature Tc(onset)> while the temperature where zero (less than 10" 
^ ohm cm) resistivity is attained is Tc(0)- Typical Tc(0) temperatures of BiSCO and 
PbBiSCO glass ceramic superconductors for zero resistivity are shown in Table 1. 
4.4.1. Magnetic Susceptibility. The evaluation of the critical temperatures is more 
accurate by the magnetic susceptibility method. A clear indication that two different 
superconducting are present in a sample is inferred from two distinct drops in the 
temperature vs. magnetic susceptibility curve, as shown in Figure 6. 112 K is the 
Tc(onset) temperature for the 2223 phase and 81.5 K the Tc(onset) temperature for the 
2212 phase. 
Two transitions in the real part of the a.c. susceptibility vs. temperature curve, 
indicating two transitions around 110 K and 75 K are also observed by Komatsu et al. 
[65]. From the temperature dependence of a.c. susceptibility amplitude, they deduced 
the existence of weak intergrain coupling between the superconducting crystals in 
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Figure 5. Weight percent oxygen intake at 650 °C, in a 
powder sample (A) and in a platelet-shaped sample (B) [37]. 
Ca2Pb04 and CuO, and the random orientation of superconducting crystals, are 
believed to be the cause of the weak coupling at grain boundaries. The coupling 
could be improved by increasing the annealing time. 
Information about mixed volume fraction of superconducting phasei can also be 
obtained from ax magnetic susceptibility vs. temperature curves [37, 59, 65, 79]. A 
method has been proposed for the calculation of the actual volume of 
superconducting phase, using the relation: 
V -
y(%) = ^ £ _ = - | -x lOO 
sample — 
G 
where E is an inductance change (dB), c is an equipment constant (in dBcm"^), W 






























' 4'0 60 




id ' i d o ' 
122 K 
' 
lio" mo' fid 
TEMPERATURE [K] 
Figure 6. Magnetic susceptibility vs. 
temperature, 2212 and 2223 phases [37], 
4.4.2. Electric Resistivity. The temperature vs. resistivity curves show either a 
sharp or a broad transition. Massalker et al. [37] studied the critical temperature after 
successive cooling and heating cycles. They observed close, but different Tc at each 
cycle. Hysteresis has been evidenced, indicating a dissipation effect during thermal 
cycling. The resistivity is increased on cooling, as depicted in Figure 7, indicating a 
semiconducting behavior of the PbBiSCO ceramics studied in Ref. [37]. 
The semiconducting to normal state transition for the sample having 2223 
composition took place between 210 and 220 K. However the series of specimen 
having Cu in excess, with nominal composition 2234 showed normal, not 
semiconducting behavior below 300 K, The samples having nominal composition 
2224 showed higher Tc(0) and Tc(onset) than the 2223 samples [37]. 
4.5. Critical Current 
Critical current densities (Jc) in superconducting samples are measured in 
presence or absence of magnetic fields in either liquid helium (4.2 K) or in liquid 
nitrogen (77 K). That property is highly influenced by the volume percentage of 
superconducting phases and nonsuperconducting impurities, by the orientation of the 
superconducting grains and connectivity. The remaining of residual glass causes 
weak coupling among the superconducting grains, lowering the critical current den-
sity. 
Komatsu et al. [72] found that Jc of superconducting PbBiSCO glass ceramic was 
higher for the sample annealed at temperature 400 ^C in oxygen for 24 hours than 
the same sample annealed at 840 ^C in air for 240 hours. But Yamanaka et al. [62] 
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observed that the critical current density at 77 K and zero magnetic field increased 
with the increase of annealing time. Shi et al. [79] were able to increase Jc about 30 
times of its initial value by increasing the density of lattice defects in glass ceramic 
BiSCO superconducting sample. The lattice defects cause increased pinning effects. 
The critical current decreases with increase of the applied magnetic field. JQ values 
of BiSCO and PbBiSCO glass ceramic plate superconductors are between 30-250 
Acm-2 [80-81]. 
5. PHASE EVOLUTION 
In the following subsections the dependence of phase formation on annealing 
temperature, annealing time, annealing atmosphere and also the role of lead in the 
formation of 2223 phase are discussed. 
50 100 150 200 250 
TEMPERATURE [K] 
300 
Figure 7. Electric resistivity vs. temperature 
for 2 cooling-heating cycles [37]. 
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5.1. Annealing Temperature 
The formation of the superconducting phases strongly depends on the temperature 
of annealing [37, 59, 82-87]. Massalker et al. [37] studied the heat treatment of an as-
quenched PbBiSCO at different temperatures after flushing air for one hour. The 
chosen temperatures were 488, 540, 800 and 908 ^C, based on the DSC thermogram 
shown in Figure 3. The presence, in changing amounts, of the following phases has 
been deduced from X-riy diffractions analyses: 2201, 2212, 2223, Ca2Pb04, 
Ca2Cu03 and the Bi2Sr3.xCaxOy compound. Small amounts of both the high Tc 
superconducting phases, 2212 and 2223 were among the first to crystallize. The 
amount of 2212 increased as the temperature was increased, but that was not the 
case for 2223. The X-ray diffractions of the samples treated at 488 ^C and at 540 °C 
distinctly showed that both samples were not fully crystallized. This was probably 
due to the short soaking time (one hour) at these temperatures. However, the 
diffractograms showed that this same short time was enough to produce full 
devitrifaction at 800 ^C, and of course at 908 ^C also. The amount of CaO decreased 
steadily with increasing temperature. CaO and Ca2Cu03, whose amounts decreased 
sharply at 800 ^C seemed to be the Ca providing oxides for the formation of 2212. 
They concluded that the small amount of 2223 that appeared at the lower 
temperature did not result from "partial melting" of 2212. 
A study of the phase formation and crystal growth dependence on annealing 
temperature has been done by Kanai et al. [59]. With increasing the annealing 
temperature from 650 ^C to 754 ^C, the peaks from the 2212 phase emerged and 
increased while the peaks from 2201 phase decreased. At 803 ^C only the peaks 
from the 2212 phase were observed. Above 865 ^C, the 2201 phase is formed again, 
together with 2212. The presence of the 2223 phase was observed by resistivity 
measurement for samples annealed at 840 ^C. The superconducting volume ratio of 
the sample increased above 705 ^C and showed a maximum value of 70-75 % at 803 
- 840 ^C, but decreased by further increase of annealing temperature. The 
superconducting 2212 and 2223 phases were deduced to decompose into non-
superconducting phases above 840 ^C. \ 
Takei et al. [82] claim that crystallization starts at 450 ^C temperature. Rapidly 
quenched samples were glassy up to 400 ^C. The 500 ^C annealed specimens were 
in an intermediate state between glassy and crystalline states. SEM observations 
clarified that no apparent change occurred in the bulk by annealing at 500 ^C. The 
following changes ftom amorphous to crystalline were observed: 
annealing between 500-800 ^C: 
glassy Bi2(Sr, Ca)2CuOx => crystalline Bi2(Sr, Ca)2CuOx; 
annealing between 600-800 ^C: 
glassy Bi2(Sr, Ca)2CuOx + (Sr, Ca)Cu02 => crystalline Bi2(Sr, Ca)3Cu20x; 
above 600 ^C: 
crystalline Bi2(Sr, Ca)2CuOx + (Sr, Ca)Cu02 => crystalline Bi2(Sr, Ca)3Cu20x . 
The 800 ^C annealed specimens were composed of fine needles of several microns 
in diameter and 10 ^m in length. Small amount of grains and spheres of several 
millimeters in diameter were also ob.served. These grains and spheres were analyzed 
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to be insulative (Sr, Ca)Cu02 and (Sr, Ca)0 respectively. Above 800 ^C, partial 
melting has bee observed . 
A tentative phase diagram of the pseudo-binary system BiSrCaCuO and CaCuO 
near the melting temperature was presented in Ref. [88], suggesting a solid state 
disproportionation reaction among 2201, 2212 and 2223 below 800 ^C, in 
contradiction to the observations by Takei et al. [82]. The results of Takei et al. [82], 
however, agree to those of Kanai et al. [59] where the formation of 2212 phase was 
observed by X-ray powder diffraction between 650 and 874 ^C. Massalker et al. [37] 
also agree with the results of References [59] and [82], but they observed the 
disproportionation reaction at higher temperature, 908 ^C. Many researchers [82-87] 
have pointed out that the 2223 phase grows from the 2212 phase, when the latter was 
in a partially molten condition, between 840 ^C and 900 ^C. Ref. [88] reports that 
the 2223 phase easily decomposes above 900 ^C. Precipitation of the 2223 phase is 
not observed between 500 and 600 ^C, though partial melting occurred at 800 
'^C. 800 ^C is an eutectic point in that pseudo-binary system [88]. Around 600 ^C, 
the solid phases 2201 and 2212 are stable. The 2223 phase appeared between 870 
and 900 ^C, in air. 
5.2. Annealing Time and Annealing Atmospliere 
The dependence of annealing time and atmosphere on the high Tc phases 
evolution has been studied by several groups [35, 37, 62-64, 68, 89]. In Ref. [37], the 
highest amount (about 95 % in volume) of 2223 detected was after annealing for 120 
hours at 850 ^C, in air. The highest amount of the 2212 phase (almost 100 % in 
volume) was obtained after 240 hours at 840 ^C. The 2212 phase, grown from 2223 
initial nominal compositions, appeared in relatively high amounts if treated either at 
825, 840 or 850 ^C, for at least 120 hours. However, when the time was increased up 
to 240 hours, an optimum amount of the phase was attained at 840 ^C. The 2212 
phase decomposed either if the temperature exceeded 850 ^C or if the time was 
increased beyond 240 hours. Conversely, growth of the 2223 phase was enhanced at 
840 °C and prolonged times but was really effective only at 850 ^C after 120 or 240 
hours. Exposures at temperatures higher than 850 '^ C invariably destroyed almost all 
of the 2212 and 2223 superconducting phases. 
Most of the reviewed studies [35, 37, 59, 82] found the low Tc phase Bi2(Sr, 
Ca)2CuOx, 2201 to crystalline first, though Ibara et al. [63] suggest that the first 
crystalline product from the glass is (Sr, Ca)3Cu50y.The high Tc phase 2223 does 
not form in absence of oxygen [37, 90]. For as-quenched material, an uptake of 0.41-
0.44 oxygen per copper atoms has been calculated [35, 90]. 
According to Ref.[35] and [37], crystallization occurs in two steps with the 
formation of 2201, Bi2Sr3.xCaxCu20y and impurity oxides. Bi2Sr3.xCaxCu20y is 
converted to other phases upon annealing in oxygen below 700 ^C and melted during 
heating the glass around 700 ^C. The 2212 phase evolved from the 2201 nuclei 
formed during the initial crystallization. Its formation from 2201 below 800 ^C was 
found to be kinetically limited. Holesinger et al. [35] concluded thai the majority of 
the sample could be converted to 2212 after only 1 minute annealing in oxygen at 
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800 ^C. But extended anneals at these higher temperatures were needed for the 
system to reach its equilibrium state. 
Kanai et al. [64] suggested that the volume fraction of the high Tc phase 
increased with the decrease of the low Tc phase and the non-superconducting phases, 
according to the following stoichiometry: 3(2212) + CaCu203 + Ca2Cu03 => 
3(2223). 
5.3. The Role of Pb 
The formation of the 2223 phase is a very slow process, in particular for samples 
that are not Pb-doped. The doping with lead accelerates the 2223 phase formation 
kinetics. However, Massalker et al. [37] have shown that the presence of Pb causes 
also the formation of Ca2Pb04 in increasing amounts up to 800 "C. This oxide 
provides the Ca necessary for the renewed growth of 2223 at 908 ^C. The 2212 phase 
could have decomposed somehow, and also contributed to the regeneration of 2223, 
the amount of which lowers at 800 ^C. The Bi2Sr3.xCaxOy compound was present at 
the very first crystallization stage, then decomposed at 800 ^C [37]. Based on all the 
observed changes in the relative amounts of each phase, the following crystallization 
and phase evolution sequences, by heating from the amorphous state has been 
suggested: 
at 488 OC: 
Pbo.45Bii.i5Sr2.loCa2.00Cu3.65Alo.65=* 2201. 2212, 2223, CaO, CuO, Ca2Pb04, 
Ca2Cu03 and Bi2Sr3.xCaxOy; 
at 540 °C: increase in Ca2Cu03; 
at 800 OC: 2223 + CaO + Bi2Sr3.xCaxOy + Ca2Cu03 => 2(2212) + 2(Ca2Pb04 ) + 
CuO; 
at 908 ^C, 2 distinct reactions occur simultaneously: 2(2212) => 2223 + 2201; this is 
the disproportionation reaction, which is presumed to take place with intake of 
oxygen in order to;comply with the increased oxygen content of the 2223 phase, as 
compared to the 2i212 phase; and: Ca2Pb04 + 2201 + 2(CuO) => 2212 + Ca2Cu03 
[92] 
The mechanism proposed in Ref. [37] suggests that the decomposition of Ca2Pb04 
causes an increase of 2212, which in turn, favoriled the increase of 2223 through the 
disproportionation reaction. The formation of Ca2Pb04 below 850 ^C and its 
decomposition above this temperature had been reponed also by Idemoto et al. [93]. 
Support for the model reactions as explained above is presented in Figure 8 [37], that 
shows the evolution of all the phases, superconducting and "impurities", detected by 
XRD in one specific specimen, heated for 1 hour at the respective temperatures 488, 
540, 800 and 908 C. 
According to Wong-Ng et al. [94], CaO, CuO and 2201 began to crystallize in the 
glass at approximately 400 ^C. A small amount of the 2212 phase was also observed, 
probably already formed during quenching. At 550 ^C, the formation of Ca2Pb04 
was observed. The 2212 superconducting phase is formed from a 2201 + excess CaO 
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Figure 8. Phases evolution aconsecutive to 1 hour 
oxygenation treatment of amorphous samples at 
various temperatures [37]. 
and PbO [95-97] + a liquid due to an eutectic reaction. That liquid phase accelerates 
the formation of the 2212 phase, through a process of melt-assisted diffusion of CaO 
and CuO. CaO reacts with the (Sr, Ca)i4Cu2404i phase to form (Ca, Sr)2Cu03 and 
2223. At 860 ^C, the 2223 phase decomposes into Cu20, (Ca, Sr)2Cu03 and a Bi-
rich liquid. That Bi-rich liquid subsequently causes the formation of the 2201 phase. 
The presence of Ca2Pb04 seems to help to the formation of 2223 phase [98]. 
Ca2Pb04 melts at 822 ^C and induces a liquid phase below 850 ^C, increasing 
drastically the diffusion rates of the reactive species Ca^ "*" and Cu^ "*". The following 
reaction was consequently proposed: Ca2Pb04 + CuO ^ Ca2Cu03 + Pb02 The 
melted Ca2Pb04 contributes to the flux needed for rapid transport of the key 
elements to the growing 2223 phase. Pb is believed to be the element that acts as a 
flux. It also substitutes for Bi in the crystal structure of the high Tc phases. Excess 
CaO and CuO are also needed for the formation of 2223. The temperature for the 
2223 phase formation was 840-860 ^C [37, 94]. After the formation of CaaCuOs, the 
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2223 phase formed in the following manner: 2201 + Ca2Cu03 + CuO => 2212 and 
2212 + Ca2Cu03 + CuO => 2223. 
Another mechanism has also been proposed [99] to explain the role played by Pb 
in the development of the 2223 phase. Due to lead substitution of bismuth, the 
structural properties are modified, and in particular the strength of the bonding 
between the slabs that constitute the building bloclcs of the compound. The stacking 
of these slabs causes intensive intergrowth in the Pb free material. After nucleation, 
the 2223 phase cannot extend to the adjacent slabs due to very slow kinetics. The 
intergrowth is absent in the Pb substituted sample. The 2223 nuclei are therefore able 
to extend up into the entire volume. So the addition of Pb strongly enhances the 
growth process of the 2223 phase [99]. With the increase of the Pb content, the 
volume fraction of 2223 phase increased. However, excess Pb lowers the formation 
temperature of spurious intermediate species, such as strontium-lead oxide [96]. 
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Abstract : We have deposited, for the first time, "nis-Pboj-Bioj-Srj-Gaj-CuT-Ox 
films on metal (silver) substrate by electrochemical method. The film is found to be non -
superconducting down to 10 K. Electrical resistance of the films measured by four probe jnethod 
indicates metallic character of the film down to 10 K. The X-ray powder diffraction panems could 
be well fitted with tetragonal structure of the unit cell (with lattice constants a = 3.38S8 k and 
c s 29.8392 A). The thickness of the films could be varied by changing the time of 
eiectrod^Kxitioh. 
Keywords : Superconducting film, TI-Bi-Pb-Sr-Ca-Cu-0, electrochemical deposition, 
PACS No. : 74.76.Bz. 
1. Introduction 
Many attempts have so far been made to prepare high Tc superconducting films by various 
sophisticated techniques like sputtering [1], laser ablation [2], chemical vapour deposition [3] 
etc. All these techniques are quite sophisticated requiring costly instrumental facilities. It is 
also found difficult to deposit thin films on large surfaces by using the above mentioned 
techniques. Superconducting thin films on metal surfaces are suitable for applications in 
eieCironic transmission and energy storage using magnetic tapes. However, deposition of thin 
superconducting films on metal surface is, in general, inconvenient because of thermal 
expansion or lattice constant mismatch. For all these reasons development of electrochemical 
or similar other low cost and efficient techniques for the preparation of high Tc 
superconducting films are important. In our previous report [4,5], we have discussed the 
develQpment of superconducting Bi-Sr-Ca-Cu-0 films on Ag surface by a novel 
electrodeposition technique. Similar attempt has also been made in the present paper to 
depoSite Tl containing superconducting oxide films. Here, we report on the behaviour of a 
© 1993 lACS 
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typical ilectrochemicaUy deposited Tl-Bi-Pb-Sr-Ca-Cu-0 film (about 200 A thick) on Ag 
substrate. Since we find it difficult to deposit Ba on the metat plate, our plan is to replace Ba 
by Bi and Sr in the Tl-Ba-Ca-Cu-0 system and to ihvestigate its superconducting behaviour 
(if any). The Tli j Bio.5 Pbo.5 C&i SriCujO^ films studied are prepared by electrochemical 
method as discussed below. 
2. Experimental 
Highly pure (99.99 %) Bi A - SrCOj, CuO. CaO. Tl A and PbO oxides in appropriate 
proportion arc dissolved in 20-25 % HNOj solution with pH value between 2 and 3. The 
solution was taken in a platinum beaker which acts as the anode and pure and highly polished 
silver plate or wire acts as the cathode on which thin film is deposited. A constant current 
source (KJethley 220) is used to supply dc current (80-180 mA) between the electrodes. 
Uniform black film of Tl-Bi-Pb-Sr-Ca-Cu-0 is deposited on the Ag plate which is 
immediately dried in vacuum and annealed at 78D°C for a few minutes in flowing oxygen 
atmosphere. 
3 . Results and discussion 
The X-ray diffraction patterns ofthe as grown unannealed and the oxygen annealed (at 780°C 
for 10 minutes) films are shown in Figure 1 and the scanning electron micrographs of the 
1 
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Figure 1. X-Vay diffraction pattern ofthe as grown (unannealed) sample (A) and the final 
metallic sample after annealing at 780°C (B). 
respective films are shown in Figure 2. The infrared spectra of the black unannealed powder 
collected from the films shown in Figure 3 indicates a band around 1350 cm"" due to the 
presence of NO ^  group in the film. This nitrous group is found to be not present in the final 
annealed sample. The X-ray patterns (star marked m Figure IB) could be fitted with a 
tetragonal structure with lattice constants a = 3.3858 A and c = 29.8392 A. 
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The electrical resistance of the film is measured by four probe technique similar to our 
earlier works [6] using closed cycle refrigerator unit (APD Cryogenics, USA). Temperature 
1600 lOffO 
cm' 
Figure 3. Infra-red spectra of the unonneoled powder collected from the film. 
down to 10 K was automatically controlled and measured by the unit. Thermal variation of 
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Figure 4. Electrical resistance of the final annealed film showing metallic character. 
The metallic character of the film, is indicated from the Figure 4. The film is not 
superconducting down to 10 K. However, improving the annealing technique under 
controlled oxygen pressure we have observed superconductivity in the Tl-Bi-Pb-Ca-Sr-
Cu-0 film around 50 K. This work is in progress in our laboratory and would be published 
elsewhere. 
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Figure 2. Scacaing electron micrographs ol'the unanne&led (A) »nd fin»l 
annealed (B) films. 
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Preparation and characterization of 
superconducting (YBa2Cu30x-Ag) composites 
obtained by sol-gel method 
p. K PAL 
Physics Department, Naihati R.B.C. College, West Bengal, India 
S. M O L L A , K. BOSE, K. K. S O M , B. K C H A U D H U R I 
High Temperature Superconductivity Laboratory, Solid State Physics Department, Indian 
Association for the Cultivation of Science, Calcutta-700032, India 
For the first time a simple sol-gel method has been developed for the preparation of 
[YBaaCuaOj-Ag] composites using nitrates of Y, Ba, Cu, and Ag. For the two composites 
(with 10 and 20 wt% Ag), the electrical resistivities and magnetic susceptibilities (both 
alternating and direct current) show critical temperature T^ (zero) around 90-91 K. The X-ray 
diffraction studies indicate no major change of lattice parameters for the orthorhombic phase 
The critical current density, J^, is found to be around 200 A c m " ^ at zero field and 80 K. The 
degradation of 7"c of the composites in presence of water is also very low, similar to the 
previous observations. This sol-gel method could be used for the large-scale production of 
superconducting composite powders necessary for drawing wires/tapes or targets for 
sputtering. 
1 . i n t roduc t ion 
The Study of high temperature superconducting oxide 
(HITSO)-Ag composites is of special importance for 
their technological applications (fabrications of 
HITSO wires/tapes, etc. [1]) having higher critical 
current density, J„ [2] than the corresponding pure 
YBa^Cu jO, (1 2 3) superconductor. These composites 
also have very interesting physical properties showing 
percolative behaviour [3], creep, and pinning effects 
[4], etc. They are also very stable in moist and other 
environmental conditions. 
The (12 3-Ag) composites have mostly been pre-
pared from the mixtures of (1 2 3) superconductor with 
AgO [5], Ag [6, 7] or AgjO [8] powders. In all such 
cases the problems related to the homogeneitj' of the 
material and uniformity of the grain sizes in the final 
composites might always exist. Therefore, the physical 
properties of the same composites prepared by dilTer-
cnt research groups might also vary The sol-gel 
method of preparation of HITSO materials has the 
extra advantage that it gives high yield of HITSO 
powders having uniform grain sizes. 
Hikichi et al [9] developed an interesting nitrate 
solution method for the preparation of HITSO-Ag 
composite Using nitrate solutions we also developed 
[10] a simple sol-gel (SSG) technique for the pre-
paration of YBajCujO, superconductor This (SSG) 
method has been applied for the preparation of 
1 2 3-Ag composites with different wt% of Ag The 
electrical resistances, magnetic susceptibihties, both 
a c and d c, and structural properties of two such 
composites prepared with 10 and 20 wt % of Ag are 
reported 
The method of preparation of 1 2 3 -Ag super-
conducting composites by the SSG method is almost 
similar to that used for the preparation of (12 3) 
superconductor [10]. Stoichiometric amount of the 
mixtures of the nitrates of Y, Ba, Cu and Ag (all of 
99 99% purity or better purchased from E. Merck, 
Alfa, and Sigma Chemicals), were separately dissolved 
in triple distilled water in teflon containers. The metal 
ionic ratio Y:Ba:Cu = 1:2:3 was maintained for 
the preparation of the nominal composition of 
YBaiCujOj, (12 3). The amount of silver nitrate solu-
tion was taken in such a way that 10 and 20 wt % of 
Ag were, introduced in the two composites with (12 3) 
superconductor. The three nitrates of Y, Ba, and Cu 
were first mixed, stirred, and ice cooled. The calculated 
amount of silver nitrate was then slowly added to the 
ice-cooled solution with stirring. For every composite 
calculated amount [10] of citric acid monohydrate 
and then ethylene glycol were added to the above 
nitrate solutions and mixed with constant stirring The 
pH value of the mixture was kept between 5 5 and 6 
for both the composites by carefully adding ice-cooled 
ammonia solution diluted with distilled water 
The total mixture was then refluxed at about 80 °C 
for 1 h Any change of pH value was adjusted by 
adding ammonia, if required The entire solution was 
then kept below 10 "C overnight The pH value was 
again adjusted and the solution was healed in an 
water bath (for gelation) for several hours until blue 
coloured jelly was obtained. This jelly could be drawn 
into the form of fibres by pulling the jelly with a glass 
rod The jelly thus obtained was dried under vacuum 
and the product was then slowly heated to 300 °C for 
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302 
TABLE 1 Sol-gel method Tor the preparation or(l 23)-Ag composites 
Nitrate salts of Y, Ba, Cu. Ag in appropriate amount (99.99*/. pure) + Triple distilled HjO 
i 
» Mixing together * 1 I 
I 
Citric acid 
Refluxing the mixture at 80 *C for 1 h 
Gelation at 80-90 °C for several hours 
Heated to lOO-SOCC for 2 h 
Ethylene glycol 
Kept overnight 
Cooling to room temperature and dried under vacuum at 90 °C 
-» Sintering at 600 °C for 6 h 
Pulvarizing and pelletization at 4 I pressure > Heating the pellets at 850-870°C for 12 h in air (or oxygen) and 
slowly cooled to room temperature 
High T, (Y,Ba2Cu,0,)-Ag superconducting composite ready for experimental investigations 
2 h. The loss of water and decomposition of free citric 
acid, if any, took place around 150°C. 
The black material thus produced was collected, 
powdered, and sintered at 850 °C (in oxygen) for 
another 12 h and slowly (~5''Ch"') cooled to 
^00°C inside the furnace at which temperature the 
powdered mass was kept for another 3 h and slowly 
cooled to 2(X)''C and quenched to room temperature. 
The final black powder was the superconducting 
(12 3-Ag) composite powder. The complete SSG pro-
cess used for the preparation of the composites is 
shown in Table I. The dried black powder was pressed 
into pellets or rods which were again sintered at 
8S0°C for 12 h in air (or in oxygen atmosphere) and 
slowly cooled to room temperature as before. The 
room temperature X-ray diffraction patterns (Philips, 
model 1050/51) are shown in Fig. 1. Comparing the 
XRD patterns with literature data the materials 
showed the expected peaks from 123 superconductor 
and Ag metal together with a small quantity of 
BaCuOj. Further improvements of the SSG method 
of preparation would be necessary for making better 
superconducting composites. The lattice parameters 
calculated are a = 0.3813 (0.3814) nm, 6 = 0.3883 
(0.3873) nm, and c = 1.1633 (1.1643) nm for the 
10 wt % (20 wt %) Ag-12 3 composites. Therefore, no 
major change in the lattice parameters from those of 
pure (123) superconductor was observed in the 
Ag-(l 2 3) composites which indicates that the silver 
precipitates in the iritergranular spaces as shown in 
Fig. 2 and it helps retaining the oxygen content fixed 
in the superconducting lattice as well as increase the 
electrical connectivity between the grains (Fig. 2). All 
these might be responsible fur the increase of critical 
current density, J„ for a low concentration of Ag [2]. 
For very large concentration of Ag (more than 
20 wt %) the silver layers between the grains became 
thick and the current density reduced. For further in-
crease of Ag (more than 60 wt "A of Ag), the resistance 
did not become zero down to 60 K (in the range of our 
measurement), but the presence of superconducting 
grains was observed from the Meissner signal in the 
oscilloscope. The scanning electron micrographs of 
the two (12 3-Ag) composites (with Hitachi, model 
S-415A) arc shown in Fig. 3, which indicate good 
connectivity and homogeneity of the materials. 
A_.v.JJ_ju 
A-..-_ALJJL^ s..^ -^ -_^L 
60 50 60 30 20 n 
2 e ( 0 e g ) 
Figure I X-rzy diffraclion patterns of (12 3-Ag) composites 
(a) (I 2 3) 20 wt % Ag, (b) (1 2 3) 10 wt V. Ag 
(a) 
(b) 
Figure 2 Nature of superconducting and silver grain boundaries 
(a) Ag trapped in pores between small HITSO grains, (b) Ag 
precipitation and agglomeration in HITSO grains. 
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As usual four-probe d.c. resistance measurements 
were made on a bar-shaped composite sample similar 
to our earlier work [12-13]. D.c. and a.c magnetic 
susceptibilities of the composites have also been meas-
ured with a Curie type balance and by the mutual 
inductance method, respectively, similar to our earlier 
work [12-14]. The thermal variations of d.c. resist-
ance (Fig. 4) and magnetic susceptibilities (Figs 5 and 
6) indicate the superconducting behaviour of the com-
posites. The sharp fall of the resistances around T^ 
(zero) a: 90-91 K definitely indicates the good quality 
of the samples. The little kink in the a.c. susceptibility 
curves might be associated with the percolative beiia-
viour or impure phases of the samples. For detailed 
information about this behaviour one needs measure-
ments with composites of different Ag concentrations 
which are in progress. 
It appears that the (HITSO-Ag) composite's phys-
ical properties (water resistance, J^ , T ,^ etc.) are in line 
with previous results [5-9]. The d.c. magnetic susccp-
Figure 3 Scanning electron micrographs of (I 23-Ag) composites 
(a) 10 wl % Ag, and (b) 20 wi'/, Ag. 
wo 190 240 290 
Temperature (K) 
Figure 4 Thermal variation of normalized electrical rcsislanccs of 
the (I 2 3-Ag) composites (Kjoo is the room temperature resistance). 
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Figure 6 D.c magnetic susceptibilities of (123-Ag) composites as a function ot temperature. (O) (12 3), ( • ) (I 23)-IO wi */• Ag. 
(D)(123)-20wtV. Ag. 
tibility, %, obeys the following Curie-Weiss behaviour. 
Ax = (XJOO - Xr) + CKT ~ 9) 
where Xjoo is the value of d.c. magnetic susceptibility 
at r = 300 K. with 8 varying from - 10 to - 15 K for 
the two composites, respectively. The values of 8 and 
C arc found to depend on the samples prepared under 
different conditions and also on the grain sizes of the 
samples [11]. This behaviour of % might be due to the 
variations of oxygen content in the samples as well as 
on the incipient AFM character as mentioned above. 
The process by which antiferromagnetism is sup-
pressed by the appearance of the HITSO phase is yet 
unexplored. 
Finally, we conclude that the simple sol-gel method 
discussed could be used for the large-scale production 
of very good quality superconducting composite pow-
ders necessary for the fabrications of wires/tapes, 
films, and targets for sputtering. The SSG method 
developed might also be extended for the preparation 
of (Bi-Sr-Ca-Cu-0)-Ag composites and further at-
tempts might also be made to fabricate superconduc-
ting thin or thick films or wires directly from this SSG 
method. 
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temperature superconductor obtained by sol-gel method 
P K Pal*. K Bose, S Mollah and B K Chaudhuri 
High Temperature Superconductivity Laboratory, 
Solid State Pliysics Department, Indian Association for the 
Cultivation of Science, Calcutta-700 032, India 
Received S April 1991, accepted 18 April 1991 
Abstract: Electrical resistivity and magnetic susceptibilities of high tempera-
ture superconducting oxide (HITSO) YBaiCu.O^ (123) prepared by a simple 
sol-gel (SS6) method have been measured down to 80K and results reported in 
this paper. The (SS6) method developed would t>e very useful for a large scale 
production of (HITSO) powders (with T,>>93K and T„-91K) required for many 
technological applications (HITSO wires/tapes, thick films etc.)> 
Keywords : Sol-gel, high t , superconductor, AC/DC susceptibility. 
PACS Nos I 74.70 Mq, 82.70. Gg 
I . In t roduct ion 
For any R & D programme the development of good quality (large volume fraction 
of superconductivity, homogeneity, siiarp fall of resistance, good connectivity etc.) 
high temperature superconducting oxide (HITSO) materials is essential, we have 
developed in our laboratory, like many other researchers in this field, the solid state 
reaction technique (Som et of 1988, 1989, Chaudhuri 1987) and the glass to 
ceramic technique (Chaudhuri et at 1989,1990 and Som et at 1989) for the prepara-
tion of (HITSO) materials like YBa.Cu.O,, Bi^Sr.Ca.Cu^O,, TI,Ba,CaiCu,0» 
etc. All these methods have their own advantages and disadvantages as 
discussed in the above mentioned articles. 
However, for. the preparation of a. large amount of homogeneous (HITSO) 
powders having unifonn grain sizes, the chemical and the sol-gel methods have 
some special advantages (see for example Brinker et ol 1984). The sot-gel method 
for the preparation of (HITSO) materials is, therefore, becoming very popular 
(Koki 1990, Murakami et at 1990). Recently, for the preparation of (HITSO)-Ag 
and HITSO-polymer precursors for making (HITSO; wiresAapes (Chaudhuri 1990, 
-^ Physics Department, R B C College, NaihatI 743 165, West Bengal, India. 
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Bose et a/ 1991) we have developed a relatively simple sol-gel (SSG) method for 
the preparation of fine (123) superconducting powders. Since the development of 
the sol-gel method for the preparation of (HITSO) materials is a bit tricky and the 
method is also technologically Important for the high yield of (HITSO) materials, 
we described below the detailed method of preparation of (HITSO) with this 
technique^ 
Electrical and magnetic properties of the prepared (HITSO) materials have 
also been studied and compared with those of the (HITSO) prepared earlier by 
solid state reaction method. 
2. Experimental 
2.1. Preforatlon of materials: 
The method of preparation of (123) superconducting oxide by sol-gel method is 
almost similar to.that discussed in our earlier chemical method (Pal and 
Chaudhurl 1991). Stoichiometric amount of the nitrates of Y, Ba, and Cu, all of 
purity 99.99% (Alfa, Germany), were dissolved in triple distilled water. The ratio 
Y : Ba : Cu«1.-: 2 :]3 was maintained for the preparation of the nominal composi-
tion of YBa|Cu,0« (123). Appropriate amount of citric acid monohydrate and 
ethylene glycol was then mixed with the nitrate solution with stirring. The pH 
value was maintainsd between (4.5—5.5) by carefully adding ammonia, if 
required. We prepared (HITSO) with different pH values of the solution. In 
this paper, however, we report the properties of only one sample prepared with a 
fixed pH value ('^5). 
The mixture was then refluxed at 80°C for one hour and was then kept over-
night. . Finally, the solution was heated in an water bath (for gelation) for several 
hours until, bluish coloured jelly like product was obtained. This jelly which could 
be drawn Into the form of fibers was dried under vacuum and then the product was 
slowly heated to SOO'C for two hours. The dry mass Is then collected in an 
alumina crucible and again fired at 600°C for 6 hours and slowly cooled to room 
temperature.. The loss of water and the decomposition of free citric acid occurs 
around 150°C. \ 
The black material was then powdered, and sintered at 890''C (in oxygen) for 
another 12 hours and slowly (5»/h) cooled to 400''C Inside the furnace and the 
powder was kept at this temperature for three hours and then slowly cooled to 
SOO'C and quenched to room temperature. The fine blapk powder thus obtained 
Is superconducting. The co.Tiplete process for the sol-gel preparation method of 
(HITSO) is shown in Table 1. 
2.2. Study of physical properties : 
The dried powder thus obtained is pressed into pellets or rods under 4 ton pressure. 
The pellets are again sintered at-900°C for 12 hours and slowly cooled to roon 
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temperature. No oxygen traatrasnt was made for the pellets but slow cooling rate 
was always maintained. 
Table I. Flow chart of the sol-gel method.' 
Nitrate salts of Y. Ba. Cu, in ~ - -
appropriate amount (99.99% - + Distilled H.O 
pure) 
Mixing together. U 
Ciuic acid Ethylene Gtycol 
Reflux the mixture at 80°C for 
4 hours 
Gelation at 80-90°C 
several houR 







Pulvarizing and pelletization 




Cooling to room temperature and 
dried under vacuum at 90* C 1 
Sintering at 600°C for 6 hours 
Heating the pellets at 870° for 
12 hours in air/oxygen and 
slowly cooled to room tem-
perature 
High Tc Y,Ba,Cu,Ox superconductor 
ready for experimental investigation 
Boom temperature X-ray diffraction pattern (Figure 1) shows the superconduc-
ting peaks of the (123) sample. The lattice parameters calculated are a = 3.820 A, 
l O i 
I §aH 
T3.,C«jO, 
w 20 -30 25 ' 55 G5 
Figure 1. X-ray diffraction pattern of the superconducting (sol-gel) sample. 
6 = 3.884 A, and c = 11.682 A which agree fairly well with the corresponding 
values of a, b and c of a typical (123) sample prepared by ceramic route (Som et al 
1A 
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1988). The SEM (Hitachi, Japan) picture of the (HITSO) sample is shown in 
Figure 2 indicating good connectivity between the grains and crystalline nature. 
Figure!. SEM picture of the superconducting (sol-gal) sample. 
As usual, four probe dc resistance measurement was made on a bar shaped 
(123) sample. DC and ac magnetic susceptibilities of the samples were shown 
in Figures 3'artd '4, respectively. The dc and ac magnetic susceptibilities were 
!00 150 200 
T«mp«rature(K) 
300 
Figures. DC magnetic susceptibilities of the superconducting samples pre-
pared by sol-gel and ceramic methods shown as a function of temperature. 
measured with similar 'apparatus used in our earlier work (Chaudhuri et al 1989, 
Bose et al 1991). 
3. Results and discussion 
The thermal variations of dc resistivity (Figure 5) and magnetic susceptibilities as 
shown in Figures (3-4) indicate the superconducting behaviour of the sample. The 
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sharp fall of resistance at-T=T,=93K definitely Indicates the good quality of the 
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Figured. AC magnetic susceptibilities of the superconducting samples pre-
pared Uy sol-gel and ceramic methods sho>Mn as a function of temperature. 
resistivity and susceptibility curves for the ceramic sintered samples are also shown 
in the Figures (3-5). it is Interesting to mention that th3 high field {'^0,37) dc 
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Figures. E\ectr\cal resistances o< xhe superconducting samples prepared by 
sol-gel and ceramic methods shown as a function of temperature. 
magnetic susceptibility data" shows a small rise around the superconducting 
transition temperature (Figure 3). This type of behaviour has also been observed 
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by us In our earlier measuremettts (Chaudhuri et a/1989, 1990). It Is also observed 
that ^^=Oc»oo-Xr) obey Curie Weirs behaviour of the form, 
^^ = (X.oo-Xr+C/(T-fl) 
^,00 is the value of susceptibility X at T=300K with fl=~(-15K). The values 
of X and C are found to depend on the samples prepared under different conditions 
and also on the grain sizes of the samples (Chaudhuri et al 1990). This behaviour 
of magnetic susceptibility might be due to the variation of the oxygen content in 
the sample as well as on the incipient antifarromagnetic character of the sample. 
Smaller the values of x (oxygen content in Yji^ BajCu.Ox), larger is the antiferro-
magnetic character of the sample (showing more prominent rise of x around To in 
the ix-T) curve as in Figure 3) and lower is the volume fraction of the super-
conducting grains in the sample. Though it is not yet clear whether antiferro-
magnetism (AFM) is the origin of pairing mechanism in (HITSO) materials, our 
present magnetic susceptibility data, however, support the antiferromagnetic origin 
of superconductivity as was also suggested earlier (Chaudhuri et al 1990). The 
process by which antiferromagnetism is suppressed by superconductivity is yet 
unexplored (Schriffer 1988). Since we cannot accurately ascertain the oxygen 
stoichiometry as well as its distribution In the lattice, it is rather difficult to 
conclude whether the temperature dependent behaviour of x around To is due 
solely to oxygen deficiency and/or partly related to antiferromagnetic type ordering. 
The problem is actually related to the oxygen ordering in the lattice and hence 
to the change of ionic state of copper (or other ions). A certain amount of oxygen 
deficiency causes some Icind of disordering in the lattice destroying super-
conductivity and at the soma time stimulating the appearance of antiferromagnetic 
character and semiconductivity. It appears, as if, there is same competition 
between superconductivity and antiferromagnetism in such (HITSO) materials. 
Elaborate investigation in this direction is in progress. 
4. Conclusion 
We believe that the simple sol-gel method discussed in this paper could be used 
for the large scale production of very good quality superconducting powders 
necessary for drawing wires/tapes or films and targets for sputtering. It has also 
been observed that certain amount of silver could also be added in the super-
conducting sample while preparing the gel which Is of another importance for 
making (HITSO)-Ag composites suitable for making wires and tapes (Bose 
et al 1991). 
If proper care is taken, sol-gel process could provide a sufficient control over 
the particle sizes of the (HITSO) materials prepared. 
We also find that It is better to keep the sintering temperature as low as 
possible to maintain uniform grain sizes, since the particles are very reactive. 
Uniform and single sintering cycle would be preferred for the sol-gel (HITSO) 
311 
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powders. Proper control of pH value is also important. Further attempt are 
being made to improve the sintering technique at lower temperature. 
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The published work on CMR materials is comprised in this chapter. Specific heat 
(C) of polycrystalline manganites Pri-xCaxMnOs (113-PCMO) with x = 0.3-0.4, 
Lai-yCayMnOs (113-LCMO) with y = 0.3 and 0.5, and La2-2rSri+2zMn207 (327-LSMO) 
are given here. The detailed study of resistivity (p), magnetization (M) and specific heat 
(C) on polycrystalline Pro.65Cao.35-xSrxMn03 (x = 0-0.35) perovskite mat^anites has been 
included here. This chapter also contains the transport properties of oxygen isotope 
diflEiised epitaxial thin films of Lao.ysCaoasMnOs (LCMO) and NdojsSro^sMnOs 
(NSMO). Temperature dependent magnetization, magnetoresistance and magneto-
thermoelectric power of the K doped Lai-xCax-yKyMnOa (x = 0.3 and 0 < y < 0.15) has 
been included in this chapter. 
Proc ¥9* DAESolid State Phys. Symp. 313 
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Properties of ProesCao.as-iSriMnOa manganites (x = 0-0.35) 
S. MoUah* 
Department of Physics, Aligarfi Muslim University, Aligaiii-202002, India. 
We have elaborately investigated the electronic, magnetic and thermal properties of polycrystalline 
Pro.6jCao.33.xSrxMn03 (x = 0-0.35) perovskites. A huge enhancement of magnetoresistance ratio (MRR) 
[10% at H = 100 Oe and 99% at H = 0.5 T] around metal-insulator (MI) transition temperature (TMI~ 
80 K) has been observed in x = 0.1 sample which is induced by the phase separation (PS). Non-
adiabatic small polaron hopping conduction mechanism is followed by all the manganites above the 
respective MI transition temperatures (Jm>- The metallic conduction below TMI shows the electron-
magnon scattering bdiaviour similar to other manganites. 
I. INTRODUCTION 
The complicated phase diagram in 
colossal magnetoresistive (CMR) materials, 
REi-xAxMnOs (RE - trivalent rare earths, A = 
divalent alkaline earth metals), arises due to the 
interplay between double exchange (DE) 
interaction and charge/orbital ordering (CO 00) . 
It is well established that the DE interaction 
prefers the ferromagnetic (FM) metallic state 
and CO 0 0 results in antiferromagnetic (AFM) 
insulating state via the super-exchange (SE) 
interaction. The interplay between DE 
interaction and CO 0 0 can be tuned by 
dianging the value of x, w^ich in turn alters the 
ratio of Mn^* and Mn*\ by varying the radius of 
rare/alkaline earth metals, by applying 
electric/magnetic fields, by irradiating by x-
ray/infirared radiation and by applying external 
pressure. 
However; the DE, CO 0 0 and SE 
interactions are not sufficient to explain the 
complicated transport properties of manganites. 
Recently, it has been suggested that the ground 
states of manganites tend to be intrinsically 
inhomogeneous due to the presence of strong 
tendencies toward phase separation (PS), 
typically involving FM metallic and AFM/ CO 
0 0 insulating domains which can be of several 
shapes like spherical droplets, curved or 
stripes.''^ Systematic investigations of resistivity, 
magnetization and specific heat of 
polycrystalline Pro.ejCao.as-xSrxMnOs (x = 0-0.35) 
manganites are reported here. 
n . EXPERIMENTAL TECHNIQUES 
Polycrystalline Pro.63Cao.35.xSrxMn03 (x = 
0-0.35) perovskite manganites are prepared by 
the standard solid-state-reaction method.'*'* 
Electrical resistivity (p) is measured by the 
standard four-probe method. Superconducting 
quantum interference (SQUID) magnetometer is 
used to measure the magnetization (M). A high-
resolution ac calorimeter is employed to 
determine time high temperature (80-300 K) 
relative specific heat (C) using the chopped light 
as the heat source.' 
m . RESULTS AND DISCUSSION 
Figure 1(a) shows that the 
Pro.65Cao.35-xSrxMn03 manganites respectively 
1 . n '^•' V: '• 
109 1«0 200 2K >O0 
Fig. 1: Temperature variation of (a) logp of 
Pro65Cao35-xSrxMn03 (x = 0-0.35) and M at 
1000 Oe of X = 0 (b), 0.1 (c) and 0.35 (d) 
samples. Inset of c shows the enlarged 
view.^  
with X = 0-0.075, 0.1, 0.125-0.3 and 0.35 
demonstrate a semiconducting performance, a 
sharp MI transition at TMI ~ 80 K, a 
semiconducting followed by a metallic and a 
metallic behaviour. This also reveals that the 
charge ordered (CO) transition temperature (Tco) 
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decreases and the TMI increases with the increase 
of X. The increase of M at 1000 Oe at low 
temperatures for x = 0 sample with AFM 
transition temperature, TN ~ 160 K and Tco ~ 
215 K (Fig lb) may be associated with a small 
amount of nanosize FM component since the 
changes of M are insignificant. However, the 
changes of M for x = 0.1 sample with an unusual 
magnetic ordermg at TM' ~ 45 K and FM 
ordering at Tc ~ 70 K as well as that for x = 0.35 
sample with Tc ~ 290 K (Figs. Ic and d) are 
considerably large presumably due to the 
occurrence of FM transitions. 
Figure 2 shows the temperature (80-300 K) 
variation of C in absence of magnetic field for 
unusual magnetic metallic (AFM+FM)M 
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Fig. 2: Temperature dependence of specific heat (C) 
of Pro65Cao35.xSrxMn03 (x = 0-0.35).^  
Pro65Ca(ii.35.xSrxMn03 (x = 0-0.35) perovsicites. 
These ^ecific heat curves can clearly be 
distinguished into two groups, one for x = 0-
0.125 and the other for x = 0.15-0.35. Though 
the sample with x = 0.1 shows a sharp MI 
transition at TMI ~ 80 K from temperature 
dependence of resistivity (Fig. 1), no 
pronounced anomaly in C around TMI is detected 
which is because of the unusual magnetic 
ordering state below TMI-"*"' On the basis of the 
temperature vanation of p, M and C (Figs 1-2), 
the obtamed (T-x) phase diagram for ProejCaosj. 
xSr^ MnOs samples is shown m Fig. 3, where 
paramagnetic msulatmg (PM-I), charge-ordered 
msulatmg (CO-I), antiferromagnetic insulating 
(AFM-f), ferromagnetic metallic (FM-M) and 
OJW) Q Q S 010 01S 0 ^ O K 0.30 OSS 
Fig. 3: T-X phase diagram of ProesCaoss-xSrxMnOs 
(X = 0-0.35) samples. ^ 
Fig. 3 that the different insulating (PM-I, CO-I 
and AFM-I) states at various temperatures are 
observed in samples with x < 0.1 where the 
nanosize FM phases are embedded in insulating 
matrix and no percolation is achieved. The 
»0 
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Fig. 4: T-H phase diagram of Pro esCao 2Sro iMnOs. 
X = 0.1-0.15 accounts for the (AFM+FM)M 
region where disorder induced phase separation 
leads to the unusual magnetic metallic behavior. 
With X > 0.15, the FM phases start to dominate 
and finally cover almost the whole matrix 
leaving nanosize AFM phases for x = 0.35. The 
T - H phase diagram of x = 0.1 sample is shown 
in Fig. 4, where PMI, COI, AFMI, FMM and 
(AFM+FM)M regions are clearly specified. The 
imusual mixed (AFM+FM)M state may be due 
to electronic and magnetic instability or the PS 
of AFM and FM domains m the sample below 
TMI at low magnetic fields. 
To understand the mechanism behind the 
maximum MRK [= -[p(H)-p(0)]/p(0) with p(0) 
and p(H) being the resistivities without and with 
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a magnetic filed H respectively] of each sample, 
we plot MRR,n« vs. X in Fig. 5 for Pro.63Cao.35. 
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Fig. 5: X vs. MRRn,ax at low magnetic fields. Inset 
shows the variation of p(H)/p(0) with H (0-
1000 Oe) for x = 0.1 and 0.35 samples near 
their respective TMI.^  
0.2 and 0.5 T. It is fascinating that the MRR,^,, 
for X = 0.1 san^le is as high as 50, 80 and 99% 
respectively at low magnetic fields of 0.1, 0.2 
•90 
4 5 
E " I 
C 
1/T (K ' ) 
Fig. 6. Inverse temperature variation of In (p/T) of x 
= 0.0, 0.1, 0.2, and 0.3 samples. Solid lines are the 
best fit to tlie SPH model of Mott viz. p/T = p^ exp 
(Ep/kBT).* 
and 0.5 T. Such a huge MRR at low magnetic 
fields in polycrystalline samples is rather 
unusual, hiset of Fig. 5 shows the resistivity 
ratio vs. low H for the mixed phase (x = 0.1) and 
FM-M phase (x = 0.35) samples. The resistivity 
ratio decreases sharply with the increase of 
magnetic field for x = 0.1 sample whereas that is 
almost constant for x = 0.35 sample. Thus, it is 
evident fi-om Fig. 4 that the mixing phase in any 
sample plays the dominant role for higher MRR. 
Our experimental fmdings may be explained as 
the following. 
The undoped Pro.6sCao.33MnOi exposes an 
insulating behaviour (with Tco ~ 215 K) at all 
temperatures where as the 100% doped 
PrcesSrossMnOs reveals a metallic behaviour 
with MI transition near room temperature, TMI~ 
290 K (Fig. 1). Thus a con:y)etition between a 
CO-I phase and a FM-M phase is accomplished 
in Pro.65Cao.35-jtSrxMn03. Most probably, the 
doping of Sr introduces the nanosize FM clusters 
in CO/AFM matrix of Pro.63Cao.35Mn03. At 
lower concentration of Sr, the number of 
nanosize FM clusters is very small and the 
system resembles a regular array of charge short 
of Wigner crystal and it remains an insulator' as 
no percolation is possible through the AFM 
matrix. With the increase of Sr concentration, 
the number as well as volume of FM clusters 
increase, the percolation among some FM 
clusters starts and the resistivity decreases (Fig. 
1). When X = 0.1, the number and volume of 
CO/AFM and FM clusters become nearly equal 
causing to disorder induced phase separation^ 
with prominent and intrinsic inhomogeneities in 
the form of coexisting competing phases and 
leading to MI transition (Fig. 1). Hence, a 
particular unstable mixing phase of a weak CO 
insulating at high temperatures and an 
(AFM+FM)M phase at low temperatures is 
obtained for samples with x ~ 0.1. liierefore, the 
application of a low magnetic field (< 0.5 T^ on 
the samples with x ~ 0.1 is enough to partially 
melt the charge ordering insulating phases and 
facilitate to percolate the FM phases to raihance 
the metallicity leading to huge MRR (Fig. 5). 
The volumes as well as number of FM clusters 
increase with fiirther increase of x in expense to 
those of CO/AFM clusters and eventually nearly 
all the matrix become FM leaving embedded 
nanosize CO/AFM phases. Subsequently, the x 
= 0.35 sample is metallic at all temperatures (Fig. 
1) as the nanosize AFM phases embedded in FM 
matrix cannot block the percolation.' 
Figure 6 shows the inverse temperature 
variation of hi(p/T) of some selective samples, 
hi the high temperature (T > TAQ) insulating 
(semiconducting) phase, the conductivity data is 
dominated by the thermally activated hopping of 
small polarons' and are fitted well with the small 
polaron hopping (SPH) model (for T > 6D/2, 
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where 6D IS the Debye temperature) of Mott'" 
VIZ p/T = Pa expCEp/kflT), where pa = [ks/ 
VphNe^R^C(l-C)] exp (2aR), ke is the 
Boltzmann constant and T is the absolute 
temperature. N is the number of ion sites per 
unit volume, R ~ (1/N)"^ is the average mter-site 
spacmg, C IS the fraction of sites occupied by a 
polaron, a is the electron wave function decay 
constant, Vph is the optical phonon frequency as 
estimated from the relation hvph = kaQo, and 9D 
IS obtamed from the temperature where the 
Imearity of bi (p/T) vs 1/T curve (Fig 6) 
disappears in the high temperature region. 9D as 
well as Vph increase with the mcrease of x. The 
activation energy (Ep) is determined from the 
slope of the In (p/T) vs 1/T curve above 9D/2 
(Fig 6) For polaron hoppmg conduction,'" Ep = 
WH + WD/2 (for T > 80/2) and Ep = WD for T < 
9D/4, where WH IS the polaron hopping energy 
and WD IS the disorder energy. The difference 
between Ep and Eg (activation energy estimated 
from the high temperature thermoelectnc power 
data) gives the polaron hoppmg energy (WH) " 
From the values of Ep, E, and WH, we notice that 
with increasing value of strontium concentration 
(x), the Ep gradually decreases * This behaviour 
can be explained by considermg that increasmg 
X causes larger bandwidth and hence charge 
delocalization occurs due to decrease of 
electron-phonon (e-ph) mteraction constant Yp m 
the system and thereby the energy required to 
hberate a free earner is reduced * It is noted that 
there is a non-lmear decrease of Ep and mcrease 
m 9D with the mcrease of appUed magnetic 
field * Similar trend is also observed m other 
samples of the senes Here, it should be 
mentioned that the activation energy decreases 
with the increase of ^magnetic field for any 
particular x sunilar to the mcrease of Sr dopmg 
concentration (x) m ProesCaoaj.xSrxMnOs. Thus 
the role of mcreasmg Sr concentration and 
magnetic field are the same for delocalization of 
charge earners and spm ordermg m the CMR 
system as reported earlier '^  
IV. CONCLUSIONS 
The temperature and magnetic field 
dependence of resistivity, magnetization and 
specific heat of polyerystallme 
ProejCaoss-xSrxMnOs (x = 0-0 35) perovskite 
manganites have been systematically studied and 
explained on the basis of PS scenanos. Unusual 
magnetic ordering is observed in x = 0 1 sample 
below MI transition (MIT) temperature. The 
number of FM clusters become nearly equal to 
those of AFM clusters for x ~ 0.1 giving rise to 
disorder induced PS with a huge MRR at low 
magnetic fields (< 0 5 T) Non-adiabatic small 
polaron hoppmg conduction is observed in all 
the samples above their respective MIT 
temperature 
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Abstract 
Wc report structural, magnetic and transport properties of Pro.esCao.ss-xSrxMnOs (A: = 0 — 0.35) perovskites. Non-
adiabatic small-polaron hopping (SPH) conduction mechanism is followed in all the manganites above the respective 
metal-insulator transition temperatures (rMi)- Variable range hopping has been found less important with the increase 
of Sr concentration in the low temperature semiconducting region ( r > TMI). A non-linear change in the activation 
energy (£p) and Debye temperature (flo) with applied magnetic field has been observed for all the samples. The metallic 
conduction below TMI shows the electron-magnon scattering behavior similar to other manganites. Activation energy 
£,, estimated from the temperature dependent Seebeck coefficient data, was observed to be much smaller than £p 
determined from the resistivity data which also supports the SPH conduction. 
© 2004 Published by Elsevier B.V. 
PACS: 75.47.Jn: 75.47.Gk; 71.30.+ h; 72.20.-i 
Keywords: CMR manganites; Electrical conductivity; Thermodynamic properties 
1. Introduction 
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distortions) in the paramagnetic (PM) insulating 
phases, supplementing to the double exchange 
(DE) interactions (for a review, see Ref. [1]) [2,3]. 
The formation of small polarons is due to the 
mixed-valance transition metal ions (TMIs) pre-
sent in the manganites. The lattice distortion arises 
as a result of the localization of the Cg electrons 
of Mn^ "^  ions. The different ion sizes TR^ of 
(R, A)Mn03 (R = rare earth, A = alkaline earth 
metals) manganites also lead to disorder owing to 
size mismatch. It can be qualitatively expressed [4] 
by the variance factor (j)^ = ('^^> — (''R^)'^ - Since 
there are no 3"^  and 2"*" cations whose ionic radii 
are identical or close to each other, the (R, A) site 
disorder will always exist in (R, A)Mn03 manga-
nites. The polaron formation is believed to be a 
necessary ingredient for modeling a temperature 
dependent magnetic and transport behavior of 
CMR materials [5,6]. The electrical conduction 
takes place by the hopping/tunneling of the 
polarons from lower to the higher valance states 
of TMIs. 
Praseodymium (Pr)-based CMR materials have 
shown numerous remarkable properties like me-
tal-insulator transition (MIT^, antiferromagne-
tic-ferromagnetic (AFM-FM) phase transition, 
charge ordering (CO), phase separation (PS), etc. 
[7-10]. The melting of AFM insulating state into 
FM metallic one has been perceived in 
Pro.sSro.sMnOa through the application of mag-
netic fields [7]. The entropy change associated with 
the magnetic transitions in Pro.6(Cai_;tSr^ )o.4 
MnOs (0<jc< 1) polycrystals is much smaller than 
the expected value [10] which is attributed to the 
localization of charge carriers around MIT and the 
presence of short-range magnetic correlation well 
above MIT. The occurrence of PS, typically 
involving FM metallic and AFM/CO insulat-
ing (COI) domains of different shapes like 
spherical droplets, curves or stripes, have been 
observed [11,12]. Usually, the PS phenomena 
are pronounced near the MIT temperature of 
manganites. In this context, the electronic, mag-
netic and thermal properties of polycrystalline 
Pro.6sCao.35_;tSr;cMn03 (JC = 0.0 - 0.35) perovs-
kites have been studied and reported earlier 
[13,14]. A PS-induced huge enhancement of 
magnetoresistance (MR) 10% at / / = 100 Oe and 
99% at H = 0.5T around MIT tempera-
ture (rMi~80K) has been observed in A- = 0.1 
sample [13,14]. However, the conduction mechan-
ism above and below the TMI of it and other 
samples of this series has yet not been thoroughly 
analyzed. 
In the present paper, we report in detail the 
structural, magnetic and magneto-transport prop-
erties of polycrystalline Pro.esCao.as-xSr^ rMnOs 
(x = 0-0.35) manganites. From the temperature 
dependent resistivity (/;) and thermoelectric power 
(TEP) above the respective TMI of the samples, it 
has been found that the transport property is 
mainly governed by the non-adiabatic small-
polaron hopping (SPH) conduction in high tem-
perature insulating phase. 
2. Experimental 
Polycrystalline Pro.ajCao.ss-^Sr^MnOi (A- = 
0-0.35) perovskite manganites were prepared by 
the standard solid-state reaction method [13,14] 
from the powdered raw materials PrgOn, CaO, 
Mn02 and SrC03 (each of purity >99%). 
Homogeneous stoichiometric mixtures were heat 
treated at 900 °C for 12 h followed by regrinding 
and firing at 1200 °C for 12 h. The resultant 
powder was palletized at a pressure of 2 ton cm~^ 
and sintered in air at 1350°C for 48 h with in-
between grinding, palletizing and annealing for 
three times. Powder X-ray diffraction (XRD) 
data of the samples were obtained at room 
temperature from a SIEMENS D5000 diffract-
ometer using CuKa radiation. Magnetization (Af) 
measurements were performed by the commer-
cial superconducting quantum interface device 
(SQUID) magnetometer between room tempera-
ture (300 K) and 10 K with applied magnetic 
fields (H) up to 8T. Magnetic field (G-HT) 
dependent electrical resistivity (p) of the samples 
was measured by the standard four-probe method. 
The TEP (5) of the samples was determined 
by the standard differential technique in the 
temperature range of 80-300 K using an APD 
cryo-cooler unit with a temperature controller 
in the presence or absence of a magnetic field 
of 1.5T. 
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3. Results and discussion 
3.1. Structural study with X-ray diffraction 
Powder XRD data of Pro esCao 3s-*Sr;cMn03 
{x = 0-0.35) show single-phase character of all 
the samples without any measurable impurity 
phases (Fig. 1). Rietveld refinement of the data 
reveals that the samples crystallize in an orthor-
hombically distorted perovskite structure with 
space group Pbmn consistent with the previously 
reported results [15]. All the structural parameters 
(a, h and c*) are listed in Table 1. It clearly shows 
the increment of the structural parameters with the 
increase of doping concentration (x) of larger ions 
Sr in place of Ca. The corresponding increase of a 
is greater than those of h and c* indicating a 
decrease in orthorhombic distortion due to in-
creasing Sr content. This is further supported by 
the transport data, which clearly indicate a 
substantial increase in conducti>dty due to increase 
of X. 
Tabic 1 




















































































Fig 1 XRD pattern of the samples Pro«Cao35_xSr,Mn03 
(x = 0 - 0 35) clearly mdicatmg their single-phase character 
3.2. Magnetic field dependent resistivity and 
magnetization 
The temperature variation of resistivity {p) of 
Pro esCao 3s_^r;tMn03 samples shows a sharp 
MIT for x = 0.1 in the absence of magnetic field 
(//) [13,14]. Temperature dependent resistivity of 
two samples (with x = 0.075 and 0.125) above and 
below the Sr concentration (x = 0.1) at different H 
is shown in Fig. 2. The MIT under // of IT in 
X = 0.075 sample is quite sharp while that in the 
sample x = 0.125 vvdthout H is broad Similarly, 
the MITs of X = 0.0 and 0.05 samples were also 
observed to be sharp, respectively, at the / / of 5 
and 3 T. However, the transitions become broader 
with the increase of x for x>0.1 in the absence of 
H. Magnetization (M) at low H (0.1 T) for three 
different samples (with different sizes of the A-site 
cations) is shown in Fig. 3. It is evident that M 
increases with the increase of A-site cation radius 
The M-H trace of insulating Pro gsCao ssMnOs 
sample at three different temperatures (10, 70 and 
300 K) IS illustrated in Fig. 4 A large hysteresis 
effect is seen in the M-H curve at 10 K (Fig. 4) 
clearly indicating the FM nature of the sample at 
this temperature. However, the PM ground 
state of the sample is further verified from the 
zero hysteresis nature m the M-H curve at 
300 K. On the basis of the temperature and 
magnetic field variation of magnetic as well as 
transport properties of the Pro esC&o ss-x^tJAaOj 
samples (Figs. 2-4), three different kinds of 
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Fig. 2. Temperature variation of resistivity (p) of Pro.65Cao.35_1 
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Fig. 3. Magnetization (M) as a function of temperature (7) for 
three different doping conoentratioas (x) of Pro.tsCao 35-;,Sr;, 
MnOj at an applied magnetic Geld of O.l T. 
magnetic transitions are observed as conversed 
below. 
CO For smaller values of average ionic radii <rA> 
corresponding to 0<x<0.075, a single 
Fig. 4. M-H curve for the Pro65Cao.jsMn03 sample al (a) 10, 
(b) 70 and (c) 300K showing the hysteresis nature of the sample 
at low temperature ferromagnetic phase. 
magnetic transition from the PM to the AFM/ 
CO states is observed. The Tu\ increases and 
the CO transition temperature TQO decreases 
with the increase of x (Table 2). Actually, at 
lower concentration of Sr, the number of 
nanosize FM clusters is very small and the 
system resembles a regular array of charge 
short of Wigner crystal and it remains an 
insulator [16] as no percolation is possible 
through the AFM matrix and acts as a weak 
FM insulator (WFMI). With the increase of 
Sr concentration {x), the number as well as 
volume of FM clusters increase, the percola-
tion among some FM clusters starts and the 
M increases, 
(ii) For intermediate ( r ^ ) corresponding to 
X = 0.1, all the transitions from PM to AFM 
and AFM to FM phases are observed along 
with the CO anomaly at lower H. The number 
and volume of CO/AFM and FM clusters 
become nearly equal causing to disorder 
induced PS with prominent and intrinsic 
321 
S Mollah el al / Journal of MagneUim and Magnetic Materials 284 (2004) 383-394 387 
Table 2 
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inhomogeaeities in the form of coexisting 
competing phases [11,12] and leading to 
MIT. Therefore, the application of a low H 
{^Q.ST) on the samples with J : ~ 0 . 1 is 
enough to partially melt the COI phases and 
facilitate to percolate the FM phases to 
enhance the mctallicily leading to huge 
magnetoresistance ratio MRR [13,14]. 
(iii) For higher <rA.> values corresponding to 
0.125^x<0.35, only a PM to FM phase 
change is visible. As the temperature is 
decreased, M starts increasing at TMI and 
becomes saturated below FM transition tem-
perature 7"c. Because of the FM ordering in 
this doping range, the change in M value is 
quite high. The 1\ increases with the increase 
of JC. The volume as well as the number of FM 
clusters increase with the increase of x and 
eventually nearly all the matrix become FM 
for X = 0.35. 
3.3. Resistivity above and below T^f 
Temperature variation of resistivity (p) \ of 
manganites can also be explained by the variation 
of effective one-electron bandwidth (WO or equiva-
lently Cg electron transfer interaction (t) in addi-
tion to the PS phenomena discussed earlier. We 
know that the magnitude of W can be changed 
[17,18] by varying the ionic averaged radius r^^ or 
equivalently the tolerance factor/ = ((rR^) -f ro)/ 
[\/2(rMn + To)]. Here TMO and ro are the averaged 
ionic radii for the respective elements. With 
decrease o f / ( o r (rR,^)), the average bond angle 
^ of Mn-O-Mn shows a deviation from 180° in 
the orthorhombic lattice. The W value for the 
manganite is governed by the degree of the 
hybridization between the Mn 3d eg and O 2p <T 
states which approximately scales with cos^ ^ due 
to the d-cleclron supcrtransfcr process. Therefore, 
the smaller the average (R, A) site ionic radii o r / 
is, the smaller is the W. Again, W can be increased 
either by the contraction of Mn-O bond length or 
straightening of Mn-O-Mn bond angle f 19]. 
The enhanced electron-lattice coupling arises 
from the charge/orbital correlation and plays an 
important role in the CMR effect The Db 
interaction seems to overcome the AFM fluctua-
tions at lower temperatures, giving rise to the 
abrupt phase switching to the FM metallic stale 
According to the DE model [2], the transfer 
interaction of Cg carriers (r) is governed by the 
relative angle (0) of the local tjg spins between 
neighboring Mn'^ and Mn**^  ions in a manner 
that 
/ = ta cos(0/2). (1) 
where fo is the normal transfer integral. The t value 
(or W) can be effectively increased by means of 
magnetic field induced reduction of Q resulting m 
the increase of conductivity. 
In the present case, the parent compound 
Pri-^Ca^MnOj is a low bandwidth {W) com-
pound [20] in which a charge ordered ground state 
IS stabilized in the vicinity of Jc = 0.5. It presents a 
particularly stable CO state [21] in a broad density 
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region between x — 0.30 and 0.75. For J :>0.30, an 
AFM/CO state is stabilized [21]. Neutron diffrac-
tion studies showed that the arrangement of 
charge/spin/orbital order in samples with x>0.30 
is similar to the charge-exchange (CE)-AFM state 
[21]. When Ca is successively substituted with Sr, 
the nominal ratio of Mn /Mn and hence the 
hole density in the system remains unchanged due 
to the same valence of Ca and Sr. The only effect 
that is prominent is the difference of the atomic 
size of the Sr and Ca ions which alters the <rR^> 
value [18]. Due to the larger size of the Sr ions, the 
electron bandwidth {W) increases and hence the 
hopping amplitude for the electrons in the Cg band 
becomes larger causing reduction in resistivity of 
Pro.65Cao.35_;(Sr^ Mn03 with the increase of x. 
The increase in W stabilizes the FM state by 
increasing the DE interaction and hence favors the 
FM metallic state over the COI one. In the 
minimal W system like Pri.xCaxMnOs, the FM 
metallic state becomes apparently absent while for 
the maximal W system, i.e. Prj-jtSr^MnOs the FM 
metallic state due to DE interaction becomes 
dominant [I]. Around the middle W region, the 
subtle balance or competition between the ferro-
magnetic DE and the antiferromagnetic CO 
interactions result in versatile phenomena [1] 
including striction-coupled CMR. It is noted that 
all the p—r curves for x = 0-0.35 converge to the 
constant resistivity around 300 K [14]. This is in 
contrast to the low temperature region in which 
only a small variation of Jf causes a crucial change 
in transport properties. 
Fig. 5 shows the inverse temperature variation 
of \n(j)/T) of some selective samples. In the high 
temperature ( r>rMi) insulating (semiconduct-
ing) phase, the conductivity data are dominated 
by the thermally activated hopping of small 
polarons [22] and are fitted well with the SPH 
model (for r>0D/2) of Mott and Davis [23], viz. 
p/T = p^ expiEp/kBT). (2) 
where p, = [kji/vphNe^R^C(l - C)]exp(2tiR), kji 
is the Boltzmann constant and T is the absolute 
temperature. N is the number of ion sites per unit 
volume, / ? ~ ( 1 / ^ ' / ' is the average inter-site 
spacing, C is the fraction of sites occupied by a 












x = 0 1 
« = 00 
0.003 0.004 O.OOS 0 006 
1/T(K-') 
Fig. 5. Variation of \n(p/T) of some of the satnplo. wuh 
X = 0.0, 0.1, 0,2 and 0.3 as a function of inverse temperature. 
Solid lines are the best fit to the SPH model of Mott, viz. 
p/r = p,eitp(£p/fcBr)-
constant, Vph is the optical phonon frequency 
(Table 2) as estimated from the relation 
Avph = k^&D, and the Debye temperature do is 
obtained from the temperature where the linearity 
of ln(p/r) vs. 1/r curve (Fig. 5) disappears in the 
high temperature region. 6^ as well as Vpi, increase 
with the increase of x (Table 2). The activation 
energy (Ep) was determined from the slope of the 
ln(p/r) vs. 1/7' curve above 0D/2 (Fig. 5). For 
polaron hopping conduction [23], 
Ep=lVH+ Wxi/l (for T>0u/2) and 
= Wx> for r<0D/4, (3) 
where H^H is the polaron hopping energy and fVu 
is the disorder energy. The difference between the 
£p and £, (activation energy estimated from the 
high temperature TEP data discussed below) is 
the polaron hopping energy. Therefore, H^H is 
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estimated from the relation [24] 
H^H = ^P - E^ (4) 
From the values of £p, £, and Pf H. as shown m 
Table 2, we notice that with mcreasing value of 
strontium concentration (JC), the £p gradually 
decreases. This behavior can be explained by 
considering that increasing x causes larger band-
width and hence charge delocalization occurs due 
to decrease of e-ph interaction constant y^ (as 
discussed later) m the system (Table 3) and thereby 
the energy required to liberate a free earner is 
reduced. Using Eq. (2), the magnetic field depen-
dence of £p and flo are calculated for the sample 
(x = 0.1) with electronic and magnetic mstabihty 
near Tui and is shown in Fig. 6. It is noted that 
there is a non-lmear decrease of £p and increase 
in do with the increase of applied magnetic field 
(Fig. 6). Similar trend is also observed in other 
samples of the series. Here, it should be mentioned 
that the activation energy decreases with the 
increase of magnetic field (Fig. 6) for any 
particular x similar to the increase of Sr doping 
concentration (JC) in Pro esCao 35_;cSr;tMn03 
(Table 2). Thus, the role of increasing Sr concen-
tration and magnetic field are the same for 
delocalization of charge carriers and spin ordering 
in the CMR system as reported earher [18] 
As mentioned previously in this paper and also 
reported m our former work [25] that the low 
temperature {Tu\<T<Qnll) transport phenom-
enon in perovskites and in some other semicon-
ducting oxides are described by variable range 
Table 3 
Parameters of Pro ejCaojs-^SrxMnOj perovslates for non-


























































Fig 6 Magnetic field dependence of £p and OQ obtained from 
fitting the resistivity data of Pro bsCao 25Sro iMn03 s.iinple with 
/»/7- = /..cxp(£p/iB70 
hopping (VRH) model of charge carriers Re-
cently, Jaime et al. [24] and Viret et al. [26] applied 
VRH conduction mechanism in La-Ca-Mn-O 
system for the entire temperature above TMI But 
as reported earlier [27], the VRH model was 
apphcable for explaining the conductivity data 
below 0D/2 For the present samples, the con-
ductivity data are also best fitted with VRH model 
for Tui<T<eu/2 However, for T>eo/2, SPH 
model was applicable as discussed earlier The 
expression for DC conductivity (CDC) m the VRIi 
model has the form [23] 
ffix, = ffo cxp(-7'o/r)''''', (5) 
where <TO IS a pre-exponential factor, T 0 IS a 
constant [= 18aVfcBA'(£F)] and A'(£F) IS the 
density of states (DOS) at the Fermi level which 
IS calculated from the slope of the log auc vs T^' '^  
curves (Fig 7) For the samples with higher TMI 
values, the VRH region becomes smaller So it is 
rather difficult to judge which of the two models 
(SPH or VRH) is the most appropriate It is. 
however, noticed that the high temperature 
(T>9o/2) conductivity data are better fitted with 
the SPH model The calculated values of A'(£h) in 
the absence of magnetic field {B = 0) are shown in 
Tdble 2 To estimate the values of N{Ef), we have 
used a = 222nm~' (similar tc the value used by 
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Fig. 7. Plot of IniTDC as a funcuon of 7~"* for 
Pro.65Caoj5-xSr,Mn03 samples with x = 0, 0.075, 0.15 and 
0.3. Solid lines are the best fit to the VRH model [<TDC = 
(7oexp(-ro/r)'/*] between Tm and OD/2, where OQ is the 
Debye temperature. 
Viret et al. [26] for La-Sr-Mn-O samples). TQ is 
found to be ~10* for best fit similar to La-Ca-M-
n-O and La-Ca-K-Mn-O systems [25]. For any 
particular composition, To is found to decrease 
with the increasing magnetic field strength. N{Ep) 
values are also in good agreement with the 
previously reported results [27]. The A^(£F) of the 
present system increases with increasing Sr con-
centration (Table 2). Application of magnetic field 
also increases A^(£F) for all Sr concentrations. This 
increase of N(EF) with the increase of both by Sr 
doping and field is also expected, as the increase in 
conductivity is the obvious effect of the increased 
number of charges at the Fermi level. 
From Ilolstein's [28] relation, one can confer 
whether the hopping condiiclion is in the adiabatic 
or non-adiabatic region. According (o thai rela-
tion, the polaron bandwidth J should accomplish 
the following condition: 
J>H for adiabatic hopping and 
<H for non-adiabatic hopping conduction, 
(6) 
where 
H = (2fcBT-W'H/7t)'/''(/jVph/7t)'/-. (7) 
The condition for small-polaron formation is 
J< ff H/3 [28]. An evaluation of J can be made 
from the approximate relation for high tempera-
ture jump site 
7(7) ^ 0.67hvpy,(T/duf^ (8) 
and for ground-state bandwidth 7(0) = 3/rvpi, = 
124meV with Vph ~ lO'' Hz. In the present system, 
from Table 3, we find that H varies from 26.7 to 
28.5 meV for a temperature of 290 K (above TMI 
of all the samples), 7(290 K)~22.3-28.4 meV, and 
HK„/3~ 39.3-43.6 meV. Since 7(290 K)< / / and 
7(290 K)<f*'H/3, we conclude that the DC con-
duction in the Pro.esCao.ss-xSrjfMnOa manganites 
is by reason of SPH in the non-adiabatic regime. 
The values of small-polaron coupling constant 
()'p), which is a measure of e-ph interaction in 
these manganites, can be estimated [23.29] froin 
the relation y^ = llVn/hvph. The accomplished -/p 
for the present system alters from 4.65 to 6.14 
(Table 3). Austin and Mott [29] suggested that a 
value of }'p>4 usually indicates strong e-ph 
interaction. Hence, the e-ph interaction in these 
manganites is confirmed to be very strong. The 
polaron mass (mp) and rigid lattice effective mass 
(m*) in the manganites are related by [23] 
Wp = {h^/iieJE?-) expC/p) = m* exp(rp). (9) 
The mp/m* is found to vary from 104.58 to 464.05 
(Table 3) and is very large indicating further 
strong e-ph interaction in these manganites. 
At low temperature ( r<rMi) the metalUc 
behavior of the samples can be explained in terms 
of electron-magnon scattering of the carriers 
(Fig. 8). In this temperature regime, the resistivity 
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data fit quite well with the following expression: 
P^Po + Pis"^' •IS (10) 
where the first term Po corresponds to the 
resistivity arising due to domain, grain boundary 
and other temperature independent scattering 
mechanism [30,31]- The second term P2 5^^* 
appears as a result of electron-magnon scattering 
[32]. Thus, the spin scattering cannot be neglected 
in the low temperature ( r<rMi) regime as the 
measured data can be best explained by electron-
magnon scattering. The best fitted parameters are 
given in Table 4. It is noted that the values of both 
Po and P25 decrease with the increase of x. 





100 150 200 
T(K) 
Fig 8 Rcplotled rcaslivily data showing T^' dqjcndence for 
ProesCao 35_.Sr,Mn03 with x = 0.15, 0 20, 0 25, 0 30 and 0 35 
below the respective 7"MI Solid lines are the best fit to the 
equation /J = Po + P2 5 7"^ ' 
Table 4 
Best fitted parameters obtained from the fitting of the low 
temperature resistivity data in the metallic regime of 
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Po is more significant with x compared to that of 
P25 (Table 4). Consequently, the mechanism 
responsible for huge MRR in this system [13,14] 
is influenced by the magnetic field for the ordering 
of magnetic domains. As the magnetic field 
increases, the si7.e of the domain boundary 
decreases and Po becomes smaller (Fig. 2). The 
decrease of P2.5 with x is due to the suppression of 
spin fluctuation due to larger IV. The magnitude 
of P25 is quite similar to that of other 
CMR compounds [25,33] like La Pb Mn-O and 
La-Ca-Mn-0 showing MIT. This indicates a 
similar low temperature scattering behavior in 
these CMR compounds. 
3.4. Magnetic field dependent thermoelectric pow er 
In order to analyze the TEP data, the crystal 
structure of the material must be taken into 
account. Mira et al. [34] have shown that 
Pi"2/3Sri/3Mn03 clearly shows an anisotropic TEP 
behavior, which they attributed to the orthorhom-
bic structure of the material. With increasing Sr 
doping in the present system, the crystal structure 
becomes less distorted and goes toward an 
orthorhombic to rhombobedral phase as discussed 
earlier. The temperature dependence of TEP for 
the Pro 65Cao.3s_;tSrxMn03 series is illustrated in 
Fig. 9. Due to their high resistivity, the TEP data 
for the samples x<0.15 could not be accurately 
measured. All the measured samples show positive 
value of Seebeck coefficient (5) in the temperature 
range 80-300 K unlike La-Ca-K-Mn-O systems 
[25]. The Seebeck coefficients of the samples with 
x'^Q.lS are found to shift toward more positive 
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Fig. 9. Temperature dependent Seebeck coefficient (S) for Pto 45Cao.35_,Sr,Mn03 samples with x = 0.15, 0.20, 0.25 and 0 30. 
with the decrease of x, i.e. with the increase of 
resistivity. In the PrcesCaojs-xSrxMnOs series, 
the decrease of Sr concentration does not affect 
much on the carrier concentration (Table 2). So 
the increase in 5 might attribute to the structural 
distortion [34] with the decrease of x. A peak is 
observed near a temperature T, for all the 
measured samples. The peak is associated with 
the AFM-FM ordering below the Neel tempera-
ture (Tu). The value of J, shifts to lower 
temperature with the decrease of Sr concentration 
(x). Around the peak temperature T,, Seebeck 
coefficient (5) has been found to change with 
application of magnetic field (1.5T). The magnetic 
field (1.5 T) decreases the S value indicating that 
spin ordering under magnetic fields decreases 
thermopower of the present manganite samples. 
It is interesting to observe that the temperature 
dependence of S data above 0D/2 follows the 
Mott's equation [23]: 
- ^ ( ^ - > (11) 
where £, is the activation energy obtained from 
the TEP data and a' is a parameter related to the 
kinetic energy of polarons [35]. The estimated 
values of £, (listed in Table 2) have been observed 
very much lower than fc'p. The large difference 
between £p and £, also supports SPH conduction 
mechanism at the high temperature (7 '>7 'MI) 
phase [23]. The change in TEP value with the 
increase of cationic size for the same Mn valence 
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State cannot be attributed to a change of carriers 
from electrons to holes. The high sensitivity of the 
TEP data to the composition variation of 
Pro.65Cao.35_xSrxMn03 suggests that the strong 
band structure modifications induced by the size 
effect are correlated to the overlapping of the 
atomic Mn-O orbitals. A possibility of interpreta-
tion is an evolution of the Jahn-Teller effect, 
which is larger for the smaller x values (smaller 
ionic radii of the interpolated cation). On the other 
hand, it cannot be totally ruled out that the effect 
of the Coulombian localization, which is often 
invoked for the CMR properties, also plays a role 
in the TEP values. 
Finally, we would like to mention that in the 
high temperature semiconducting region (above 
220 K), the charge carriers are no more itinerants 
and the transport properties are governed by the 
thermally activated carriers (i.e. polarons, which 
are formed as a result of strong electron-lattice 
coupling). Above the CO temperature (rco), the 
CMR systems are mostly PM and no ferromag-
netic cluster exists within the system. So in the high 
temperature region, possibility of formation of CE 
bubble does not arise. Above all, the large 
difference between £p and £s signifies that 
convenient band transport does not occur above 
Curie temperature (re), rather an SPH is domi-
nated by the carrier dependent mobility effects 
[36]. However, in the high temperature semicon-
ducting phase some kind of clusters or islands 
might be formed. Such clusters, if formed, are PM. 
It has also been pointed out that much of the 
behavior of resistivity above the Tc is indicative of 
conduction by 'magnetic polarons' [37-39]. In this 
case, percolation theory could be applied. Con-
sidering the correlation of sites in a percolation 
cluster [40], it can be shown that the expression of 
conductivity is equivalent to that deduced from the 
Mott's VRH model [23]. The VRH has also been 
reported to be applicable in some manganite 
samples [26.36]. But the VRH model should 
generally be applicable in low temperature 
(< 100 K) semiconducting phase. Therefore, polar-
on hopping conduction mechanism used in the 
present manuscript can, in general, be used to 
explain the high temperature (above the Curie 
temperature) semiconducting behavior of the 
manganite systems even if the conduction pioccss 
IS related to the incipicnl niagnclic pol.iron oi in 
other complicated mechanism ycl to be explored 
4. Summary and conclusions 
A detailed magnetic field dependent study on 
the magnetization and transport properties of 
Pro.esCao.ss-xSr^MnOs has been reported. Struc-
tural studies show the decrease in orthorhombic 
distortion with the increase of Sr content. The 
system gradually transforms to a highly conduct-
ing metallic phase from a highly insulating CO/ 
AFM phase with increase of x. MIT appears at 
higher fields for lower Sr concentration (x) for 
jc<0.1 and without field for x>0 1. Metallic 
conduction in these systems follows 7'-^ depen-
dence indicating the importance of electron-mag-
non contribution. Non-adiabatic SPH conduction 
is observed above MIT temperature of all samples 
The e-ph coupling constant and the ratio of 
polaron mass to rigid lattice effective mass indicate 
strong coupling in this system. An appreciable 
change in the Seebeck coefficient is ob.served with 
the application of magnetic field around the peak 
temperature which is associated with the 
AFM-FM ordering in these compounds. Forma-
tion of ferromagnetic clusters in the high tempera-
ture phase is not realized. However, the concept of 
magnetic polaron may be invoked to analy^e the 
transport behavior of this phase. 
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Abstract 
Temperature-dependent magnetization, magnetoresistance and magneto-thermoelectric power of the K doped 
Lai_xCa;,_^KyMn03 type samples with x = 0.3 and 0<^<0.15 has been studied. All the samples exhibit sharp metal-
insulator transition (MIT) around Tp accompanied by a ferromagnetic (metaUic) to paramagnetic (semiconducting) 
phase transition with a well-defined Curie temperature Tc (almost equal to T^). Doping of monovalent K in the 
divalent Ca site of Lai_xCa;c_^KyMn03 drives the system from a high resistivity regime with lower Tp to a lower 
resistivity regime with higher Tp. Systematic increase of Curie temperature with increase of K doing is observed from 
the magnetization measurement down to 5K. Low temperature resistivity (p) and thermoelectric power (Secbcck 
coefficient, S) data well fit the relations p = Po +P2^^ a id S = So + S^/jT^'^ +SiT*, respectively, signifying the 
importance of elcctron-magnon scattering process (fijT^ and S-ijtT^I^ term). On the other hand, the high temperature 
(T > Tp upto 320 K) conductivity data satisfy the variable range hopping (VRH) model. For T > 320 K small polaron 
hopping model is more appropriate than the VRH model. High temperature thermoelectric power (TEP) data also 
indicates the formation of thermally activated small polarons. Even with very small change of y, the density of states at 
the Fermi level N^Ep) changes considerably. The magnetotransport properties have been measured under pulsed 
magnetic field of microsecond duration. The decay time of the magnetic pulse within the sample (i) varies with field 
strength, which indicates that with change of magnetic field, ordering of the spin in the ferromagnetic regime changes. 
,C 2003 Elsevier B.V. All rights reserved. 
PACS: 71.38. + i; 71.30. + h; 75.30.Vn 
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1. Introduction 
Colossal magnetoresistivity (CMR) in manga-
nites is an example in which spin, charge and 
O304-S853/S-see front matter © 2003 Elsevier B.V. All rights reserved, 
doi: 10.1016/50304-8853(03)00632-2 
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lattice degrees of freedom conspire to produce a 
dramatic effect. This system exhibits many sig-
nificant properties like metal-insulator transition 
(MIT), ferromagnetic (FM)—paramagnetic (PM) 
phase change, charge and orbital ordering (CO 
and 00) , etc. depending on the charge density, 
temperature and atomic structure. Zener proposed 
that the spin structure and the electronic proper-
ties of Ri^x-^xM-nOi (J? = rare earth metal, A^ 
divalent element) were correlated via the double-
exchange (DE) mechanism controlled by the 
motion of the eg electrons from Mn^ "^  to Mn^ "^  
sites [1]. However, Millis et al. [2] argued that the 
physics of manganites is dominated by the inter-
play between a strong electron-phonon coupling 
and the large Hund coupling effect that optimizes 
the electronic kinetic energy by the generation of a 
FM phase. Theoretically, they proved that the 
effective coupling Aefr(= Ejj/tcn) dominates the 
physics of the manganites, where Err is the static 
trapping energy and teff is an effective hopping 
that is temperature-dependent following DE. 
Above the Curie temperature (Tic), •^ efr could be 
greater than the critical value that leads to 
insulating behavior due to electron localization 
(caused by the splitting of the degenerate eg levels 
at MnOe octahedra). Below Tc, ^ bwomes 
smaller than the critical value and hence metallic 
behavior is induced. Moreover, other factors viz. 
average sizes of the R and A site cations, mismatch 
effect, vacancy in R and Mn sites and the oxygen 
stoichiometry [3] also play a crucial role. Till now, 
most of the studies had been concentrated on the 
divalent ion doped Ri-x^xM^Oi (A = Ca, Sr, Pb, 
Ba, etc.) compounds and many of tl\ese samples 
crystallize in an orthorhombically distorted per-
ovskite structure (O'-type; c/l<a<b; space group 
Pbmn) with a cooperative ordering of Jahn-Teller 
distorted Mn^^Og octahedra [4]. In contrast, there 
are only few reports of monovalent alkali-metal 
ion doped compounds [5-8]. Monovalent alkali 
doping on LaMnOs can lead to different con-
sequences. Because of the larger valence difference 
between La'"*" and alkali-metal ions [7], fewer 
impurity ions (K ions) are needed to achieve a 
specific carrier concentration and larger random-
potential fluctuations are experienced by the 
electrons in the ff*-bond. Consequently, it will 
cause less inhomogeneity. Since the valence state 
of the alkali-metal ions is + 1, substitution of these 
ions affect the ratio of Mn^+(t^ ge^ -5 = 2) and 
Mn''" (^t^ ge°. S = 3/2) ions which ultimately also 
affects the DE mechanism 
In this paper, we have used pulsed magnetic field 
of short duration to study the transport properties 
of the selected samples, which gives identical 
results with those obtained under DC magnetic 
field. Earlier Date [9] used a single pulse to study 
magnetization and resistivity at different magnetic 
field. Obviously, the advantage of the pulsed field 
technique is that one can measure transport and 
magnetic properties low and high magnetic fields, 
using relatively an easy process without using 
suf)erconducting magnet Moreover, in the picscnt 
experimental setup, data can be collected within 
very short interval of time so that heating effect 
due to eddy current is not very effective [9] 
In this work, we have prepared a novel 
manganite series Lai .^(Ca^MnOs where Ca^ "^  ions 
have been partially replaced by K"*^  ions. Experi-
mental data both in the high temperature {T> Tp) 
and low temperature (T<Tp) phases have been 
analyzed with theoretical models used in our 
earlier work [10,11]. Momentary excitation of the 
magnetic spins with pulsed field and the corre-
sponding time of their return to the normal state 
(relaxation time) has also been measured indicat-
ing spin ordering in the sample. 
2. Experimental 
2 1 Sample preparation ^ 
Lai_;tCa;i_^K^Mn03 type samples (with A = 0 3 
and >» = 0 0, 0 05, 0 1, 0 15) were prepared by a 
standard ceramic processing technique [12] Well-
mixed stoichiometric mixtures of La203, CaO, 
K2CO3 and (CH3COO)2Mn, 4H2O (each of purity 
>99%) were first heated to 773 K and then to 
1073 K for 5 h with intermediate grinding and then 
again annealing at 1173K for 48 h. The sintered 
powder thus obtained was ground, palletized and 
annealed again at 1073 K for 72 h and then furnace 
cooled to room temperature. X-ray powder 
diffraction study has been made with CuK^ 
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radiation for structural study and the magnetiza-
tion of the samples are measured by a SQUID 
magnetometer in the temperature range 4-300 K. 
2.2. Arrangement for resistivity measurement under 
pulsed magnetic field 
For the magnetoresistance study under pulsed 
field, we used a lab-made setup of a pulsed 
magnetic field produced in an air-core solenoid 
coil by sudden discharge of a capacitor bank 
(Fig. 1). The sample was mounted on the tail-end 
part of the modified closed cycle helium cryostat 
(Displex, Air Products). For good electrical con-
tacts gold electrodes (films) were first made on the 
sample surface by vacuimi sputtering technique 
and the electrical contacts of the leads and the 
sample were made with good-quality quickly 
drying silver paints. To avoid the induction effect 
(spurious) that arises due to the introduction of a 
low resistive sample into the magnetic field, data 
were taken at the peak of the pulsed field where 
induction effect is zero. The sample placed nearly 
at the center of the solenoid coil feels a pulsed 
magnetic field in a vertical direction whenever a 
surge of current passes through the coil. The 
capacitor voltage is changed with the help of a 
variac to get different magnetic field strengths In 
the present case, we have measured with a 
maximum magnetic field of 3.2 T and between 
350 and 15 K. The peak value of the magnetic field 
is measured utilizing the procedure discussed 
elsewhere [12]. To minimize the heating effect 
due to eddy current produced by pulse field, the 
sample was mounted m parallel to the direction oi 
magnetic field so that the effective area of the 
sample perpendicular to the field is very small [9] 
3. Results and discussion 
3.1. Structural studies with X-ray diffraction 
X-ray powder diffraction (XRD) data of the 
samples at room temperature were recorded in a 
Philips PW1710 diffractometer using CuK^ radia-
tion with Ni filter. The XRD pattern of two 













I i^end connections are current probes 
[< ^ middle connections are voltage probes 
Sample electrical connections 
Fig 1 Circuit diagram for pulsed magnetic field generation. M Magnet coil. CM- Main capacitor and Q Quartz tube, CRO Digital 
storage oscilloscope 
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Fig. 2 XRD pattern of the sample Un^xC^^-yK-yMnOj taken 
<tt room temperature with CuK. radiation: (a) with x = 0.3 and 
y = 0 0 and (b) with x = 0.3 and y = 0.15. 
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Rhombohedral (R 3c) 
Rhombohedral (R 3c) 
with 15% K substitutions are shown in Fig. 2(a) 
and (b), respectively. It is clear from the diffraction 
pattern that the synthesized samples are single 
phase with no measurable impurity phases. Struc-
tural analyses of the samples were performed using 
the program DBWS. The refined values of the 
structural parameters are given in Table 1. It was 
observed that the undoped sample (y = 0.0) and 
the sample with 5% potassium shows an orthor-
hombic perovskite structure. Space group Pbmn 
and Pnma were, respectively, used in the refine-
ment whereas, R 3c space group in the hexagonal 
axes was used for the other two K doped samples. 
It is clear from the analysis that K doping induces 
rhombohedral distortion, which is consistent with 
the previously reported results [5,6]. The transition 
from the orthorhombic phase to the rhombohedral 
phase due to K doping indicates that structural 
disorder decreases and hence Mn-O-Mn bond 
angle increases. The distortion in the MnOe 
octahedron becomes less with the Mn-O-Mn 
bond angle moving towards 180°. Less distortion 
in the crystal structure reduces the possibility of 
charge localization and hence samples become 
more conducting, which is further supported by 
resistivity data. In this regard it should be 
mentioned that Roy et al. [8] have shown that 
for the Lai_;fNa;fMn03 systems, increased Na 
doping drives the structure to become more cubic, 
resulting in an increase of the one-electron 
bandwidth. Consequently, the possibility of great-
er overlapping is increased and hence greater 
conductivity is observed. 
3.2. Magnetic properties 
Fig. 3(a) shows the temperature-dependent 
magnetization (M) obtained in the zero-field-
cooled (ZFC) and field-cooled (FC) processes with 
an applied field of 0.01 T for two typical samples 
{y = 0.0 and 0.10). The ZFC curve indicates the 
samples undergo a paramagnetic (PM) to FM 
phase transition and like Tp (discussed later), the 
Curie temperature TQ also increases with increas-
ing K doping. This is explained by considering that 
with increasing K doping concentration (y), the 
ratio of Mn'*'*'/Mn''"^ increases (discussed later) 
which favors the ferromagnetic DE interaction 
The number of ferromagnetically aligned domains 
supercedes the paramagnetically aligned back-
ground and hence percolation threshold is attained 
with increasing K doping. Hence the compound 
becomes FM throughout the temperature range 
We also see from the data that magnetization 
almost saturates for >'>0.1 and the net magnetic 
moment decrease^ with further increase of y (Fig. 
3(b)). Almost similar result was explained by Roy 
et al. [8] as the completion of rhombohedral phase 
for j/^O.l that contributes to the magnetization 
In the high doping regime the increase in Mn"*"^  
ions favors the antiferromagnetic super-exchange 
interaction (Mn'^'^-O-Mn'*'") over the DE inter-
action and hence magnetization decreases. The FC 
and ZFC data do not coincide at low temperatures 
indicating the presence of some randomly frozen in 
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Fig. 3. (a) Zero field cooled (ZFC) and field cooled (FC) 
magnetization (M) at 0.1 T of Lao TCBO j.^C^MnOj O' = 0.0 
and 0.10) as a function of temperature, (b) Field Cooled 
Lao 7Cao 3_j,K^Mn03 for different K concentrations (y) at 
lOOOG 
magnetic clusters. This illustrates that there are 
possibly large ferromagnetic regions with multi-
domain structure and magnetic clusters for 
T<Tc. With increasing magnetic field the mag-
netic moment value increases rapidly which can be 
attributed to the FM domain growth under 
applied field. For a similar kind of sample 
Laog2Ko.08MnO2.89 (LKMO), Das ct al. [13] have 
shown that the resultant moment at 14 K is canted 
at an angle of ~ 25-27° with respect to [001] 
crystallographic axis. The moment values obtained 
from the magnetization measurements are con-
siderably lower than the values expected for fully 
aligned Mn spins, which could be due to the 
disorder induced by the lanthanum and oxygen 
vacancies. In the low temperature ferromagnetic 
phase, an anomaly in the magnetic moment is seen 
around 40 K for all the samples. Such an anomaly 
has also been reported earlier in composites of 
La-Ca-Mn-O with SrTiOs [14] as well as in some 
substituted La-Ca-Mn-O system. Ju and Shon 
[15] explained this anomaly on the basis of local 
100 200 
T(K) 
Fig. 4. Resistivity vs. temperature plot at zero magnetic field 
for different K concentrations. 
microscopic magnetic inhomogeneties arising from 
the variation in the Mn oxidation state. On the 
other hand, in Ce doped La-Sr-Mn-O compo-
sites, this type of kink has been explained on the 
basis of the presence of the paramagnetic Mn02 
phase in the compound [16]. In the resistivity vs. 
temperature plot (Fig. 4 shown later) a corre-
sponding drop in the resistivity is also observed for 
all the samples which further confirms the 
existence of this anomaly, which might be due to 
the same reason as mentioned above. It is also 
noticed that the strength of this anomaly decreases 
with increase of K concentration. Room tempera-
ture XRD study, however, does not indicate the 
presence of any paramagnetic Mn02 phase in the 
sample. Approximately the same observed values 
of Tp and Tc (Table 2) indicate good quality of the 
samples with negligible grain boundary effect. 
3.3. Transport properties 
3.3.1. Magnetic field-dependent resistivity 
All the samples with different K concentrations 
(y = 0.0, 0.05, 0.1, 0.15) show a metallic behavior 
(i.e. dp/dT > 0) at low temperatures and with 
rising temperature, a sharp MIT is seen at Tp, very 
close to the corresponding Curie temperature TQ 
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Table 2 
Some important data of all the prepared samples from the magnetization and resistivity measurements made in presence and in absence 
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of the sample (Fig. 4). The maximum resistivity 
Pmax. (peak value) decreases and Tp shifts to higher 
temperature as y increases (Table 2). This increase 
in conductivity with K doping is considered to be 
associated with the increase of the ratio of Mn*" /^ 
Mn'"^, which in turn contribute to the enhance-
ment of holes in the Cg band. This is in accordance 
with the suggestions made by others [8]. The values 
of Mn^*/Mn'"^, with increasing^, obtained from 
the valency calculations (Table 2), supports this 
argument. The cation valency distribution can be 
represented as l^\lxC&l-yK./Mn]l(^+y^MDl:ty)03. 
Hence, y amount increase of K ions will result in a 
(x+y) amount increase in Mn^* ions and 
consequently, a small amount of K doping will 
cause a large number of charge carriers and thus 
resistivity will be decreased. Rhombohedral 
distortion introduced by K doping is also an 
important contributor to the increase of TQ. 
Similar behavior is also observed with Na doped 
samples. 
Temperature dependence of resistivity measured 
both in presence and in absence of pulsed magnetic 
field (maximum 3.2T) on two typical samples with 
>• = 0.05 and 0.15 are shown in Figs. 5a and b. The 
corresponding changes in %MR as a function of 
temperature is also shown in the same figure. 
Similar behavior is also obtained for other samples 
of this group. Application of pulsed magnetic field 
causes a significant decrease in the resistivity 
shifting the resistivity peak to the high temperature 
legion. During the field pulse, the spins favorably 
orient themselves and consequently the charge 
caniers suffer less scattering showing a decrease in 
resistivity. Interestingly, we found that the thermal 
variation of resistivity measured under constant 
0 100 200 300 400 
T(K) 
Fig 5 Resistivity and % MR vs temperature plot of (a) 
Lao7Cao2si^osMnO] and (b) LaoTCao uKo isMnOs with 
different strengths of the pulsed magnetic fields (a) Inset shows 
the relaxation time (i) vs temperature plot for the y = 0 05 
sample 
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DC field (1.5T) is similar to that measured under 
pulsed field. However, some interesting tempera-
ture-dependent relaxation time behavior (time 
taken by the sample to return to the normal, i.e. 
zero field state after the pulsed field is switched off) 
is noticed. The plot of such relaxation time (i) as a 
function of temperature for a typical sample (with 
y = O.OS) is shown in the inset of Fig. 5a. It is seen 
that the relaxation time (i) depending pn magnetic 
field strength is related to the magnetic spin 
ordering and falls sharply around Tc and remains 
almost constant in the low temperature FM phase 
(Fig. 5a inset). Similar results are also found for 
the other samples. Nearly constant value of (i) in 
the ferromagnetic region indicates most ordered 
state behavior. In this regard it can be mentioned 
that, with the application of magnetic field or 
lowering the temperature below MIT, the FM 
clusters embedded in the paramagnetic matrix 
form a connecting path and hence percolation 
occurs. In the present system, due to momentary 
excitation (pulsed field), some spins in the para-
magnetic matrix become polarized to increase the 
number of FM clusters, hence enhancing the 
conductivity. After the withdrawal of the field, 
these momentarily formed FM clusters will come 
back to its normal (unpolarized) state with an 
observed relaxation time (i). Hence by measuring 
the relaxation time, the mixed phase tendency of 
these manganites can be well studied. We believe 
this is a more important physical issue, for our 
future investigation, that pulse field measurement 
could probe. 
A plot of Tp vs. alkali metal ion concentraUon 
(y) shows alinost exponential rise of Tp with 
increasing potassium content (Fig. 6). With 
increasing y, p^aut. ^^^ decreases sharply and then 
gradually approaches a minimum value (Fig. 6). 
This observation actually reflects that in the low 
doping regime (y^O.l) the Mn /Mn ratio is 
favorable to ferromagnetism and hence extension 
of the FM-metallic phase is obtained. Further 
increase in the doping level, increases Mn*"^  
concentration and the antiferromagnetic super-
exchange interaction (Mn'*"*"-0-Mn'*" )^ becomes 
predominant over the DE interaction and conclu-
sively increase of Tp and decrease of pj„^ with 
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K concentration (y) 
Fig. 6. Transition temperature Tp and maximum resistivity 
p ^ , vs. K concentration y plot for B = OT. 
tance (Ap/po) x 100[= {p(,H = 0) - piH)}/piH = 
0) X 100] is found to show a peak around their 
respective MIT temperature Tp. The dotted lines in 
Figs. 5(a) and (b) represent % MR of the samples 
with an applied magnetic field of 3.2 T. 
In the low temperature ferromagnetic metallic 
phase, the temperature dependence of the resistiv-
ity for all the samples both in presence and in 
absence of the pulsed magnetic field can be well 
fitted (Fig. 7) by the equation of the form 
pen = Po + PiT\ (1) 
where the temperature independent part pg is the 
resistivity due to domain, grain boundary and 
other temperature independent scattering mechan-
ism [17,18]. Some authors have explained the P2T^ 
by the electron-electron scattering process [ 18] but 
following Mott [19] p~T^ behavior in a ferro-
magnet is due to magnon scattering. We also 
believe that the spin scattering cannot be neglected 
in the low T regime as the measured data can be 
best explained by electron-spin scattering. The 
best-fit parameters obtained from fitting the low 
temperature metallic part of the resistivity data 
with Eq. (1) are shown in Table 3. As expected, the 
temperature independent term (pg) for all the 
336 
366 S Bhallacharya el al I Journal of Magnetism and Magnetic Matenah 269 (2004) 359-371 
f ' 
^ 08 




o B = 0 OT 
• B = 2 OT 
B = OOT 












01 0 0 6 Oxio' 1 2x10^° 0 6 0x10^ 2x10^ 
T ' ( K ' ) 
Fig 7 Linear fit of the low temperature (FM region) resistivity 
data with T^ term (Eq (1)) for the sample (a) y = 0 0, (b) y = 
0 05. (c);' = 0 1 and(d)> = 0 15 
Table 3 
The values of the parameters Po '""^ Pi °^ H^ ^^ samples 
obtained from fitung the low temperature (T<Tf) resistivity 
data with Eq (I) m presence and m absence of magnetic field 
Po (ft-cm) P2 (n-cmK-^) 
S = OOT B = 2QT B = OOT B=20T 
0 0 1 13 
005 0 79 
0 10 0 35 






I 86 X 10"' 
6 81x10"* 
6 22 X10"* 
3 40 X 10"' 
1 16x10"' 
5 92 X10"* 
5 83 X10"* 
polycrystalline samples decreases significantly with 
the magnetic field but the mfiuence of the magnetic 
field on the p2 term is comparatively small. It is 
likely that the mechanism responsible for MR in 
the system, is the influence of the magnetic field on 
the ordering of magnetic domains As the pulsed 
magnetic field strength increases, the size of the 
domain boundary decreases and PQ becomes 






Fig 8 Vanation of conductivity log ffdc as a funcuon of 7" '/^  
(Eq (2)) for (a) ;- = 0 05 with and (b) > = 0 15 with B = OT 
Insets show the plot with £ = 1 5T Solid lines are the best-fit 
to the VRH model (Eq (2)) 
IS due to the suppression of spin fluctuation in the 
applied magnetic field (proportional to B"'/^) [18] 
All the resistivity data, above the transition 
temperature Tp, have earlier [21] been fitted with 
variable range hopping (VRH) of charge earners 
Recently, Viret et al [22] and Pal et al [10] have 
applied VRH conduction mechanism in systems 
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like La-Ca-Mn-0, La-Mn-0, 
etc. at higher temperatures above sp 
La-Pb-Mn-O, 
T . Similarly 
our data between Tp and 320 K also fit the VRH 
model quite well. This model in three-dimensional 
cases, can be written as 
ffdc = ffo exp[ - (T-o/r)]'/*. (2) 
where To is a constant [= ISaV^B-^ VC p^)], «is the 
electron wave function decay constant, ks is 
Boltzman's constant and 7V(£F) is the density of 
states at the Fermi level which can be calculated 
from the slope of the plot of logcrac vs. J"'/* 
curves [shown in Figs. 8(a) and (b)]. The best-fit 
occurs with ro~10* for both La-Ca-Mn-0 and 
La-Ca-K-Mn-0 which is in good agreement with 
the previously reported results [10]. We have also 
calculated To for different samples in presence of 
magnetic fields. To is found to decrease with the 
inci easing magnetic field strength. From Eq. (2) 
we also estimated A^(£F) (Tabic 4) using 
a = 2.22 nm~' as used by Pal et al. [10]. The value 
of /V(£F) are comparable to those obtained 
by Coey et al. [21] (Ar(£F)~4x 10"/eVcm' for 
La-Ca-Mn-O system) and Pal et al. [10] 
( .V(£F)~5 .99X 10"/eVcm^ for La-Pb-Mn-0 
system). The N{Ep) value for the present sample 
is found to be increasing with the application of 
magnetic field. It is noticed that for the K doped 
sample N{EF) is much higher than that of the 
undoped sample indicating appreciable increase in 
the number of charge carriers and consequently 
showing an increase in the conductivity of the K 
doped sample. Also the application of magnetic 
field decreases the localization length which in turn 
increases the niunber of delocalized charge carriers 
causing increased NiEp). 
It should be mentioned here that the VRH 
model could not be extended to fit well the data 
above 320 K (between 320 and 350 K). Recently, it 
has been shown by Banerjee et al. [11] that the 
conductivity data between Tp and 0D/2 (0D being 
the Debye temperature) can only be well fitted 
with VRH model. The high temperature 
{T > 0D/2) resistivity data of the Cr doped and 
undoped La-Pb-Mn-O manganite samples can be 
well fitted with the thermally activated small 
polaron hopping (SPH) model. Similar behavior 
is also exhibited by the present K doped 
system. For the samples with higher Tp values 
(like the present samples), the VRH region is 
small. So it is rather difficult to judge which of 
the two models is most appropriate. It is, how-
ever, noticed that the high Icmpcriiturc (7' > ^^D/2) 
conductivity data between 320 and 350 K foi 
the K doped samples (Fig.s. 9(a) ;md (b)) better 
fit the SPH model of Mott \iz. p/T = 
p^expiEp/kaT), where p^ ^[kB/vphNt^R-C{\-
Q] exp(2a/?) where A^  is the number of ion sites 
per unit volume (obtained from the density data), 
R is the average intersite spacing obtained from 
the relation R = (l/Ny^~\ £p is the activation 
energy for hopping conduction estimated from 
the conductivity data, C is the fraction of sites 
occupied by a polaron, a is the electron wave 
function decay constant obtained from fitting 
the experimental conductivity data, Vph is 
the optical phonon frequency (estimated from 
the relation Avph = ksdo). We have replotted the 
resistivity curve as In (p/T) vs. 1/T and from the 
slope of the curve the activation energy £p is 
estimated (Table 4). The activation energies are 
found to decrease with increasing K doping 
..ble 4 
Values of ihe density of states (DOS) at 
hopping energy (H'H) and the constant 
)' A'{£F) X 
B = OT 
0 0 0 380 
0 )5 0 404 
0 iO 0 822 








the Fermi level (,N{EF)), activation energies from resistivity and TEP data (£p and £s). polaron 
: («') of Eq (4) both in absence and in presence of a magnetic field (1ST) 
£p (meV) 
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- 0 61 
- 0 50 
- 0 45 
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1 5T 
- 0 45 
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- 0 43 
- 0 41 
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Fig. 9. Variation of log (p/T) as a function of 1/r for (a) y = 
0.05 with and (b) y = 0.15 wth B = OT. Insets show the plot 
with fi = 1.5T. Solid lines are the best-fit to the Motfs SPH 
model (see text). 
concentration and with the application of mag-
netic field. Actually, due to hole doping in the Cg 
band the delocalization of charge carriers occurs 
and hence the energy required to liberate a free 
carrier is reduced. Application of magnetic field 
enhances this delocalization thereby reducing the 





Fig. 10. Temperature and magnetic field (B = l.5T)-dependent 
Scebeck coefficient (S) of three different samples La„7-
Cag.3_,K^Mn03 with (a) y = 0.05, (b) 0.1 and (c) 0.15. Solid 
lines are the best-fit to the Eq. (3). 
3.3.2. Magnetic field-dependent thermoelectric 
power (TEP) 
Magnetic field (5 = 0-1.5T)-dependent ther-
moelectric power (Seebeck coefficient, S) of the K 
doped Lao.7Cao.3->'Kj,Mn03 (O.O^^'^O.IS) system 
measured in the temperature range 80-300 K also 
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supports the conductivity results discussed above. 
Fig. 10 displays the temperature-dependent ther-
moelectric power of the samples with different 
values of;; = 0.05, 0.1 and 0.15 in presence (1.5 T) 
and absence of magnetic field. All the K doped 
samples show a change in the sign of Seebeck 
coefficient. With the increase of K ions, S tends 
towards positive value. This increasing trend of S 
is seen upto y = 10% which can be attributed to 
the increase in the number of Mn** ions due to 
increasing hole concentration (as discussed above). 
For >• = 0.15, the S value is marginally lower but 
shows the same nature as the other two samples. 
Addition of K ions causes more hole doping 
centers, which are localized in character and hence 
5 value increases. This large value of thermopower 
arising from hole localization may occur due to the 
narrowing of Cg band and it also indicates 
distortion of the Fermi surface. 
For all the samples, it is observed that with the 
application of magnetic field (8= 1.5 T), S value 
increases at low temperature and the difference 
between the two values A5[= S(0)-5(1.5)] de-
creases near Tp (where S(0) and 5(1.5) are the 
value of S in zero and 1.5 T field). This indicates 
that spin ordering that occurs under magnetic 
field, increases thermopower of the present man-
ganite samples. The temperature dependence of S 
below Tp can be fitted as before [23] with the 
relation of the form 
5 = So + s,.5r'-^  + 54r*, (3) 
where So is a constant term having no physical 
origin. The low temperature (FM phase below Tp), 
TEP data of the samples (with >' = 0.0-0.15) 
are well fitted with Eq. (3) (some are shown in 
Figs. lOa-c). From the corresponding fitting 
parameters shown in Table 5, we find Si .5 > 54 
which suggests that at low temperatures, S is 
mainly governed by the second term in Eq. (3) 
arising due to electron-magnon scattering con-
tribution. It is also shown above from the low 
temperature (FM phase) resistivity data (Eq. (1)) 
that the electron-magnon scattering process dom-
inates the conduction mechanism in the alkali 
metal Na-doped manganites. Therefore, from the 
TEP measurements also, it is reconfirmed that 
electron-magnon scattering process is predomi-
nant in the low temperature FM phase. Decrease 
of electron-magnon scattering term (Si 5 r ' )^ 
under magnetic field suggests that spins get 
favorably oriented under magnetic field and hence 
electron-spin scattering possibility diminishes and 
the system behaves like a metal. But in the low 
temperature metallic phase (below Tp), the ex-
change coupling strength increases leaving the 
electrons more delocalized and this makes the 
system magnetic (ferro- or antiferromagnetic, 
depending on concentration, strength of exchange 
interaction). At high temperatures the 7^ term 
(spin wave fluctuation contribution) cannot be 
neglected and this term actually fits the data (with 
Eq. (3)) over the high temperature region. The 
parameter So (Eq. (3)) is found to increase in 
presence of magnetic field. However, the inter-
dependency of the parameters So, S3/2, etc. is not 
well known and needs further study. 
More interesting result is obtained from the high 
temperature regime {T > 6o/2) TEP data where 
there is disorder and localization. In this region 
Table 5 
The values of the parameters So, .Si s and 54 obtained from fitting the low temperature (ferromagnetic metallic phase) thermoelectric 
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1.57 X 10"' 
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-4.10 X 10"' 
-2.37 X 10"' 
- 1 . 8 9 x 1 0 " ' 
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Fig 11 The Seebeck coeffiaent S vs l/T plot for four 
ditTerent Lao iCio j-yN&yMnOi samples with (a) 0 05, (b) 0 1 
and (c) 0 IS Solid lines are the best-fit to the Mott's model 
(Eq (4)) 
TEP data fits excellently with Mott's well-known 
equation of Seebeck coefficient based on polaron 
hopping, viz. 
S = kB/e[Es/kBT + ot'], (4) 
where £$ is the activation energy obtained from 
the TEP data and a' is a constant related to the 
kinetic energy (= k%Ta!) of the polarons (carriers) 
For a '<l small polaron hopping conduction 
occurs, while for a* > 2 the conduction involves 
large polarons Fig II gives the 5 vs 1/7 plots for 
all the samples both in presence and in absence of 
magnetic field Solid line gives the best-fit of the 
experimental data with Eq (4) From the slope 
of 5 vs i / r curves, we obtain the values of 
activation energy £s of the samples shown in 
Table 4. The constant a' is obtained fiom the 
intercept of the plotted curves (Table 4) The 
estimated values of a' (from Eq (4)), indicated 
a '<l for both zero and 1.5 T magnetic field 
Therefore, small polaron hopping conduction 
mechanism is also supported by the high tempera-
ture ( r > Tp) TEP data 
With the application of magnetic field, we 
noticed (Table 4) that polaron hopping energy 
(Wu = -Ep - -^s) and polaron binding energy 
decreases. This indicates that with increasing K 
concentration the system becomes more metallic 
and hence the polaronic conduction regime is 
gradually converted to electronic conduction 
regime. This is an interesting observation from 
the study of K doped manganite system. Similar 
result IS also obtained with Na doped system [24] 
4. Conclusion 
In conclusion, magnetic and magnetotranspoi t 
properties of La,_;tCa;t_,K_^Mn03 for A- = 0 3 and 
0<j;<0 15 measured under pulsed magnetic field 
(0.0-3.2 T) shows monovalent alkali metal K 
doping in La-Ca-Mn-O system drives the system 
towards higher conductivity and higher Curie and 
metal-insulator transition temperature region The 
low temperature resistivity and TEP data signify 
the importance of electron-magnon scattering 
whereas the high temperature transport properties 
are mainly governed by the small polaron hopping 
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mechanism. Since both Tc and Tp can be varied 
around room temperature only by little increase of 
K at the Ca site, the present K doped system might 
be a potential candidate for device applications. 
We also like to state that the pulsed field 
technique, used in the present measurement, is a 
convenient technique, which would be very useful 
for measuring the magnetotransport properties of 
rare earth manganites, thin films, superconducting 
and other related materials of current interest. The 
temperature, magnetic field dependent relaxation 
tinK (i) obssn'sd ia pulsed Seid may also be used 
to determine the field-dependent spin ordering in 
the low temperature ferromagnetic phase. The 
relaxation time is also found to be dependent of 
the grain size of the sample. The pulsed field 
technique might be an important tool for elaborate 
investigation of all these features in the future. 
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Phase separation and huge enhancement of magnetoresistance 
in Pro.esCaoas-xSrjfJVInOa 
8. Mollah." C. P. Sun, H. L. Huang. P. L. Ho, and H. D. Yang") 
Department of Physics, National Sun Yat Sen University. Kaohsiung 804, Taiwan 
(Presented on 7 January 2004) 
The electronic, magnetic, and thermal properties of polycrystalline Pro.65Cao.35_,Sr;tMn03 (.v 
= 0-0.35) perovskites have been elaborately investigated. A huge enhancement of 
magnetoresistance (MR) (10% at / /=I00Oe and 99% at H=O.ST) has been observed in an x 
= 0.1 sample around the metal-insulator (MI) transition temperature (7 'MI~80 K) which is induced 
by the phase separation (PS). This study opens the possibility to search for the polycrystalline 
colossal magnetoresistive materials with a very high MR at low magnetic fields on the basis of PS 
phenomena for potential applications. © 2004 American Institute of Physics. 
[DOI: 10.1063/1.1687256] 
The mixed-phase ground states of colossal magnetoresis-
tive (CMR) materials containing ferromagnetic (FM) metal-
lic and antiferromagnetic (AFM) insulating domains are 
found to have two origins.'*^ (i) An electronic phase separa-
tion (PS) between phases with different densities that leads 
to nanometer scale coexisting clusters, and (ii) a disorder-
induced PS with percolative characteristics between equal-
density phases, driven by disorder near first-order metal-
insulator (MI) transitions. This PS scenario is of particular 
importance and favorable for the existence of out-of-
equilibrium features. A slight change of the fraction or the 
arrangement of the domains by the application of magnetic 
field, pressiu^, or irradiation can induce the percolation.''^ 
The time-dependent relaxation, two-level fluctuations, non-
equilibrium fluctuations and relaxor ferroelectric behavior 
can emerge fh)m the competition of the coexisting phases.'"' 
Here, the systematic investigations of resistivity (p), magne-
tization (,M), and specific heat (C) of polycrystalline 
Pro.«sCao.3j_,Sr,MnOj(.x=^0-0.35) manganites are re-
ported, and the huge enhancement of MR for the x = 0.1 
sample is discussed on the basis of a PS scenario. The details 
of sample preparation and characterization can be obtained in 
Refs. 6 and 7. 
Figure 1(a) shows that the Pro.65Caoj5-xSr,Mn03 man-
ganites, respectively with x = 0-0.075, 0.1, 0.125-0.3, and 
0.35, demonstrate a semiconducting performance, a sharp MI 
transition at T^i" 80 K, semiconducting followed by a me-
tallic and a metallic behavior. This also reveals that the 
charge-ordered (CO) transition temperature (T^o) decreases 
and the TMI increases with the increase of x. Figures 1(b)-
''Perroaneat address: Depaitment of Physics, Aligarh Muslim University, 
Aligarfa-202002, Indu. 
'''Author to whom correspondence should be addressed; electronic mail: 
yang@mail.phys.nsysu.edu. tw 
1(d) correspondingly illustrate the temperature dependence 
of A/for thex=0, 0.1, and 0.35 samples at a fixed magnetic 
field of 1000 Oe. The increase of M at low temperatures for 
the x = 0 sample with an AFM transition temperature of 7"^  
~ 160 K and TQQ-215 K [Fig. 1(b)] may be associated with 
a small amount of nanosize FM component, since the 
changes of M are insignificant. However, the changes of M 
for the x=0.1 sample with an unusual magnetic ordering at 
7 ^ - 4 5 K and FM ordering at Tc~10 K, as well as that for 
the x=0.35 sample with T f - 2 9 0 K [Figs. 1(c) and 1(d)], are 
considerably large presumably due to the occurrence of FM 
transitions. 
The variation of C with temperature (80-300 K) in the 
absence of a magnetic field for ?TQ^sCaQ^i-^ST^MnOj{x 
= 0-0.35) perovskites is demonstrated in Fig. 2. In the x 
=0-0.125 samples, both CO and AFM anomalies are clearly 
detected and are .shifted correspondingly towards lower and 
higher temperatures with the increase of x. Conversely, only 
the FM anomalies are detected in the jr = 0.15-0.35 samples 
and move towards higher temperatures with the increase of x. 
No pronounced anomaly in C is detected in the x = 0.1 
sample around TMI~ 80 K, although a sharp MI transition is 
observed from the pvsT curve [Fig. 1(a)]. On the basis of 
the temperature variation of p, M, and C (Figs. I and 2), the 
obtained (T-x) phase diagram for Pro,65Cao35_jSrjrMn03 
samples is shown in Fig. 3, where the paramagnetic insulat-
ing (PM-I), CO insulating (CO-I), AFM insulating (AFM-1), 
weak FM insulating (WFM-I), FM metallic (FM-M), and 
unusual magnetic metallic [(AFM+FM)M] states are clearly 
indicated. 
To understand the mechanism behind the maximum 
MRR { = - [ p ( ^ ) - p ( 0 ) ] / p ( 0 ) with p(0) and p(H) being 
the resistivities without and with a magnetic field H, respec-
tively} of each sample, we plot MRRn,„ vs x in Fig. 4 for 
Pro.65Cao,35-xSr;jMn03 series at low magnetic fields of 0.1, 
0021-8979/2004/95(11 )/6813/3/$22.00 6813 © 2004 American Institute of Physics 
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FlC. I. Temperature vanation of (a) log p of Prg^Cagjs-xSr^ MnOs (x 
= 0-0.33) and A/at 1000 Oe of x= (b) 0, (c) 0.1, and (d) 0.3S samples. The 
inset of (c) shows the enlaiged view. 
0.2, and 0.5 T. It is fascinating that the MRR,n„ for x=0.1 
sample is as high as 50%, 80% and 99%, respectively, at low 
magnetic fields of 0.1, 0.2, and 0.5 T. Such a huge MRR at 
low magnetic fields in polycrystalline samples is rather un-
usual. For convenient comparison, some of the selective 
reported*"'" results are listed in Table I. The inset of Fig. 4 
shows the resistivity ratio versus low H for the mixed phase 
(* = 0.1) and FM-M phase (J: = 0.35) samples. The resistiv-
ity ratio decreases sharply with the increase of the magnetic 
field for X = 0.1 sample, whereas that is almost constant for 
;c = 0.35 sample. Thus, it is evident fix)m Fig. 4 that the mix-
ing phase in any sample plays a dominant role for higher 
MRR. Our experimental findings may be explained as fol-
lows. 
Competition between a CO-I and FM-M phase is accom-
plished in Pro 65Cao.35-jSr^ MnOj perovskites as the sample 
for x = 0 exposes an insulating behavior, and that for x 
= 0.35 reveals a metallic behavior [Fig. 1(a)] below room 
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of specific heat (O of 
clusters in the CO/AFM matrix of Pro 65Cao ssMnOs. At a 
lower concentration of Sr, the number of nanosize FM clus-
ters is very small, and the system resembles a regular array 
of charge short of Wigner crystal. It remains an insulator" as 
no percolation is possible through the AFM matrix and acts 
as a WFM-I (Figs. 1-3). With the increase of Sr concentra-
tion (x), the number as well as the volume of FM clusters 
increase, the percolation among some FM clusters starts, and 
the p decreases [Fig. 1(a)] When x = O.I, the number and 
volume of CO/AFM and FM clusters become nearly equal, 
causing disorder-induced PS with prominent and intrinsic in-
homogeneities in the form of coexisting competing phases^ 
and leading to MI transition and unusual magnetic ordering 
Pr Ca Sr MnO 
PWJ 
FH*-M 
aoo aos aio o is 020 0.2s oao aae 
X 
FIG 3 T-x phase diagram of Pro jsCa^  j5 S^r^ MnOs (jr = 0-0 35) samples 
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FIG. 4. Dependence of MRRau on AT at low magnetic fields. The inset 
shows the variation of p(ff)/f>{0) with H (0-1000 Oe) forx=0.1 and 0.35 
samples near their respective T^i • 
increase with fiirther increase of x at the expense of those of 
CO/AFM clusters. Thus, practically all the matrix become 
FM, leaving embedded nanosize CO/AFM phases in the x 
= 0.35 sample, which is metallic at all temperatures [Figs. 
1(a) and 3] as the nanosize CO/AFM phases cannot block the 
percolation." 
In conclusion, the huge enhancement of magnetoresis-
tance in Pro.65Caojj_xSr,Mn03 perovskites for j:~0.1 at low 
magnetic fields («0.5 T) near the MI transition temperature 
is explained on the basis of PS scenarios. This study mani-
fests an important clue that the samples exhibiting phase 
separation are one of the highly potential candidates for huge 
MR at low magnetic fields near respective T^i. 
This work was supported by National Science Council of 
the Republic of China under contract No. NSC92-2II2-
Ml 10-017. 
(Figs. 1-3). Therefore, the application of a low magnetic 
field (^O.S T) on the samples with x~O.I is sufficient to 
partially melt the CO-I phases and Militate to percolate the 
FM phases to enhance die metallicity leading to huge MRR 
(Fig. 4). The volumes, as well as the mmiber of FM clusters. 
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Comment on "Evidence for the immobile bipolaron formation in the paramagnetic state 
of the magnetoresistive manganites" 
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Recendy, Zhao et al. [Phys. Rev. B 62, RU 949 (2000)] reported that bipolarons are formed in the high-
temperature paramagnetic phase (above the metal-insulator transition temperature 7"^ ) in oxygen-isotope-
dif!used epitaxial thm films of Lao75Cao25Mn03 ^nd Nd^75SroasMnOj But many earlier obsen-ations mdi-
catcd the formation of small polarons in die said temperature range in different manganites We have confirmed 
that the transport properties in the high-temperature phase (7'>rp) of the above manganites can be well 
explained by a small-polaron hopping mechanism and the consideration of bipolaron formation is inadequate 
We have presented an explanation of the 0-isotope effect on the transport properties of the same manganite 
sample studies by Zhao et al. 
DOI: 10.1103/PhysRevB.68.186401 PACS number(s) 75 47 Gk, 71 38 -k, 73 43 Qt, 74 20 Mn 
The electrical resistivity (p) is directly related to the 
double-exchange (DE) mechanism' between the parallel 
spins of neighboring Mn ions by the arbitration of O ions m 
Lai_,AjMn03 manganites. However, the conduction 
mechanism in these mixed valence materials is a complex 
interplay between magnetic spin, charge ordering, and struc-
tural change." On the other hand, the DE mechanism alone 
cannot explain the resistivity^ and small polarons play a ma-
jor role in tlie conduction mechanism in the high-ti:mperature 
(7'> Tp) regime.*'^ Hall effect study also indicated small po-
larons in manganites.' But some of the research groups re-
ported in favor of the formation of large polarons or bipo-
larons to explain the high-temperature (T>Tp) 
conductivity.^ Zhao et al.^ have studied the oxygen isotope 
effect on the resistivity of epitaxial thin films of 
Lao75Cao.25Mn03 (LCMO) and NdojsSrojsMnOj (NSMO) 
grown on (100) LaAlOs single-crystal substrates by the laser 
deposition technique, while the thermoelectric power (TEP) 
measurements were carried out on isotope-dependent LCMO 
ceramic pellets. These authors' concluded that small po-
larons formed localized immobile bound pairs (bipolarons) 
in the high-temperature {T>Tp) paramagnetic (PM) phase. 
The same authors also argued that the coexistence of small 
polarons and bipolarons in the PM state might lead to a 
dynamic phase separation into the insulating antiferromag-
netically coupled region where the bipolarons resided and 
the ferromagnetically coupled region where the small po-
larons sat. But it is to be pointed out that the use of the 
bipolaron (HP) model is not possible in the present system. 
Bipolarons are formed in a system when two different defect 
centers (site) are responsible for the localization of charge 
carriers.'"" In turn, this implies the charge carriers to be two 
electrons m association and the BP hopping model assumes 
that carrier motion occurs by means of hopping over the 
potential barrier separating these two defect sites.'^ The 
Columbic correlation between these charged defect centers 
results in a correlation between the barrier height and the 
intersite separation, and thus the bipolaron hopping ra^del is 
intimately linked with the correlated bamer-hoppmg- (CBU) 
type mechanism.''' From recent work on the 
Lao7Ca{03-^)Naj.Mn03 (>' = 0.0-0.3) senes of samples'* and 
similar other works on La-Ca-Mn-0,' we find that small-
polaron theory can very well explain the conducliviiy and 
TEP data in the high-temperature {T>Tp) PM phase. Actu-
ally the existence of BP's is mainly observed in strongly 
correlated electron systems of highly disordered matenals 
like semiconducting glasses, chalcogenide glasses, polymers, 
etc. The CBH mechanism was first used by Pike to explain 
the frequency-dependent (ac) conduction in scandium 
oxide.''' Later application of the BP hopping model was pro-
posed by Elliot to explain the ac conductu ity of chalcogen-
ide glasses."''^ Pramanik et al applied the CBH mechanism 
in the case of chalcogenide films.'•* Further, recently Brahma 
et al also used the BP hopping mechanism in 
polycrystalline-antimony-oxide-doped barium hexaferrites " 
This is quite justified since in the said system two different 
groups of ions (Sb '^ /Sb '* and Fe^*/Fe^*) coexist, which 
are responsible for the creation of two different types of de-
fect centers." But the colossal magnetoresistive (CMR) 
manganites of presen't interest are not so much highly disor-
dered matenal as indicated by small electron-phonon (el-ph) 
coupling constant compared to the usual amorphous/ 
disordered oxide semiconductors. Again, in the manganite 
system, lattice distortion arises due to the localization of the 
Cj electron of Mn'* ions only." Hence one can say that in 
rare-earth manganites only one type of defect center exists, 
which does not support the fonnation of bipolarons. Thus the 
transport data, particularly in the high-temperature semicon-
ducting regime of the present system of interest, could only 
be explained by the small-polaron hopping model'*, on the 
other hand, the bipolaron hopping mechanism is inadequate 
to apply for the present system 
This IS also confirmed from the analysis of the resistivity 
(p) and TEP (S) data of Zhao et al * in the PM phase u!,ing 
the small-polaron transport mechanism In this Comment, we 
have replotted the resistivity (p) and TEP data (of Ref 8) 
and found that the small-polaron hopping model well ex-






















FIG. I. Temperature-dependent resistivity curves of oxygen iso-
tope exchanged films (Ref. 8) of (a) Lao7jCaoj5MnO] and (b) 
Ndo.75Sroj5Mn03. 
plains the transport data of Zhao et al. as discussed below. 
The "O- and"0-difTused Lao.vsCao^sMnOs samples" are re-
ferred to as LCMO-16 and LCMO-18, respectively. Simi-
larly, the " O - and '*0-diffused Ndo.75Sro.25Mn03 samples' 
are referred to as NSMO-16 and NSMO-18, respectively. 
Figure 1 represents the temperature-dependent resistivity 
(p) of the LCMO-16, LCMO-18. NSMO-16, and NSMO-18 
samples of Ref. 8. The reported Curie tempera^res (7"^  
~ T^ of the samples* are given in Table I. It is noteworthy 
to mention that the curves reported by Zhao el a\} showed 
the thermal variation of resistivity only above the respective 
Curie temperatures. However, the signature of the small-
polaron hopping (SPH) conduction mechanism is observed 
from the temperature-dependent resistivity'data as discussed 
below. It is perceived that the resistivity data' can be well 
fitted with the thermally activated small-polaron hopping 
model,'^ similar to many other samples"-" of the CMR fam-
ily. According to this model,'' the expression for conductiv-
ity (cr) is given by 
o'sp=o^Oip exp( - W^lkaT), (1) 
where cro=[i'pANe^y?-C(l -C)] / / tgr]exp(-2/?a) , k^ is the 
Boltzmann constant, and T is the absolute temperature. .V is 
the number of ion sites per unit volume (calculated from 
PHYSICAL REVIEW B 68, 18640! (2003) 
TABLE I. Some important physical parameters of the samples 
(Ref 8) and the best-fit parameters obtained from fitting with Eq.s. 
(1), (4), and (5). Other relevant parameters are obtained from the 
conductivity data. 









































density data), R is the average intersite spacing obtained 
from the relation /J = (l/A')''^, C is the fraction of sites oc-
cupied by a polaron, a is the electron wave function decay 
constant, and v /^, is the optical phonon firequency. W^^ is the 
activation energy given, by the relations^" "•',»= '^ 'w 
+ WDI2 for T>e,)l2 and W',w=^f'o for r>tfo/4 where »'„ 
is the polaron hopping energy given by H''//= Wj,^- E^ (dis-
cussed later), W[, is the disorder energy, and #/, is the Debye 
temperature. Resistivity data are replotted as Incr vs \IT in 
Fig. 2. It is customary to determine OQII from the tempera-
ture, where deviation from linearity occurs in the high-
temperature region of the Intr vs \IT curve (Fig. 2). Since 
the complete range of data is not available from Fig. 1 of 
Ref. 8, no such deviation is observable from the resistivity 
data. We have taken 5^=510.2 K for the LCMO-16 sample 
(Table I) from our recent work on Lao.7Ca(o.3-y)Na,,Mn03 
(3/ = 0.0-0.3) series of samples.'* Here we should mention 
that for most of the CMR materials 6^ lies within 400-500 
K. This means that the phonon frequency (i"/,*) is almost 
same (~ 10'^ Hz) for all CMR materials. The corresponding 
value of the disorder energy and phonon frequency (v^),) is 
also estimated for this sample from the relation hv^i, 
= kB0D and given in Table I. Almost similar values of the 
phonon frequency are also obtained from the infrared (IR) 
spectra of the samples.* The nature of these curves (Fig. 2) 
confirms the applicability of Mott's small-polaron hopping 
mechanism (model) (Ref. 17) in the insulating (semiconduct-
ing) region (above Tp), predicting a temperature dependence 
of the activation energy in this region. The estimated values 
of the activation energy (W^f) for LCMO and NSMO 
samples studied by Zhao et al* are given in Table I. We also 
use the same values of the activation energy for fitting the 
conductivity data. 
But in the case of bipolarons, two different defect centers 
(with energy difference A), as mentioned above, are coupled 
together and the effective potential barrier IV over which 
186401-2 
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FIG. 2. Vanation of In cr as a function of inverse temperature 
(1/r) of (a) LCMO-16 and LCMO-18 and (b) NSMO-16 and 
NSMO-I8 
carriers must bop is the random vanable and variations in the 
W arise from the variations in the distance R separating the 
two centers."-'^ fV^ is the potential energy associated with a 
defect site, which actually represents the energy needed for a 
bipolaron to migrate between centers of infinite 
separations."'^"'* The Coulombic interaction between two 
neighbonng sites lowers the binding energy JVj^ and the ef-
fective barrier height W is then related to the intersite sepa-
ration R via the equation"''^''* 
»'=»'«-4^2/e/{ (2) 
where e is the effective dielectric constant and Rp is the 
critical percolation radius given by ^^ = (2 7X3/477JV)''^ 
Thus the conductivity equation for the bipolaron is given 
by"'^-'5 
o-*„ = cTotp exp[-{fV^,-4e^/eRJ/kgT]. (3) 
where 0-0^^=A'^(y?^-/J^,„)/15, and R„,„ is the lower bound 
for the hopping distance and is given by R„,„ 
= 2e /^77-ceofF4| (eo is the free space permittivity) It is 
clearly observed that cr„i,p is largely controlled by the barrier 
height at the cntical percolation radius, i.e, the correlation 
arising due to Coulombic inieracuonsi between two differem 
defect sites plays a major role Further, the preexponeniial 
factors in the two processes, a^^p and a^hp [Eqs (1) and (3)] 
are also quite different So from precisely fitting the expen-
mental resistivity data one can unambiguously indicate the 
nature of polarons 
It IS well known'^  that conductivity data of semiconduct-
ing oxide systems m the low-temperature regime (below 
^0/2) follow Mott's variable-range hopping (VRH) model ot 
charge earners Recently, working with similar manganite 
systems, like La-Sr-Mn-Cu-O and La-Ca-Mn-O, different re-
search groups '^"^ applied the VRH model to fit the conduc-
tivity data for the entire high-temperature (T> Tp) range 
Thus, for the present series of samples," we have also tned to 
fit the conductivity data with the VRH model in the given 
temperature In the three-dimensional (3D) case, the dc con-
ductivity data according to the VRH model follows the 
equation'^  
c^=a-«exp(-[7-o/r])' (4) 
where TQ IS a constant= \6a^lkijN(Ei.) and N(Ei.) the den-
sity of stales. (DOS) al the Fermi level T^ is obtained from 
the slopeofthe Ino-vs 7'"''* cuive (Fig 1) The straight line 
of Fig 3 gives the best-fit line obtained from fitting the con-
ductivity data with Eq (4) From the values of 7"Q, we have 
also calculated the DOS at the Fermi level. N{F, ) (Table 1), 
using or=2 22 nm~' (Refs 23 and 24), esiimated earlier for 
similar CMR oxide samples 
Let us now consider the most important result of 
tempeiature-dependent thermoelectric power (.S") (or two Ca-
doped samples, viz, LCMO-16 and LCMO-18, shown in 
Fig. 4(b) Recently extensive efforts have been made to dis-
cuss the polaronic transport in the high-temperature (7" 
> Tp) PM phase of the CMR systems '* We also notice that 
like resistivity at high temperature, TEP data can also be 
fitted very well with Mott's equation" of the Seebeck coef-
ficient (S) which has the form 
S=kBle[EslkBT+a''] (5) 
A similar model was also used by Zhao et al * to fit their TEP 
data, but they did not estimate dc' which gives the condition 
of small-polaron or bipolaron formation In Eq (5), E^ is the 
activation energy obtained from the TEP data, which is the 
same as observed by Zhao et al' a ' is a constant of propor-
tionality between the heat transfer associated with electron 
and the kinetic energy of the electron It has been shown 
theoretically by Austin and Mott,-" Appel,^ "" and Mott"' that 
a'>1 for large polarons. whereas for small-polaron forma-
tion o ' < l Qualitatively, one can argue that for narrow-
band semiconductors with small-polaron formation, the po-
laron bandwidth is very much smaller than kgT Due to 
localization of electrons, the heat transfer associated with 
electrons should be small compared with kgT and as a con-
sequence the constant a' should be less than 1 (Ref 27) 
On the other hand, according to Heikes^* the term a' is of 
the form a' = ^S'Ikg, where A5" is the change in the en-
tropy of the ion (lattice) due to the presence of an electron on 
the transition-metal site'" ^ *'" This must be due 10 the 
186401-3 
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0.240 0.248 0.256 
FIG. 3. Plot of In or vs r~"* for the samples of (a) LCMO-16 
and LCMO-18 and (b) NSMO-16 and NSMO-18. The solid lines 
indicate the best fits with Mott's VRH model [Eq. (4)]. 
change in the vibrational frequency {(OQ) of the sum>unding 
atoms due to the presence of an electron.^ Detail calculation 
shows that^ " 
A57*B=Aa)o/«o=3XfK,/£ . , 
where ACDQ is the change in vibrational firequency (WQ), Eg 
is the energy required to displace an atom, and Wp is po-
laronic energy ( = 2W^, where fVff is the polaron hopping 
energy)."•^'' Now since E^-eV (Refs. 20 and 26) and IV^ 
~ 100 meV (discussed later), o ' should be less than unity 
for small polarons. The solid line in the S vs \/T plot [Fig. 
4(a)] gives the best-fit curve to Eq. (5). From the slope of the 
curve we obtain E^, the activation energy from the TEP data 
for two typical samples studied by Zhao et al} and are given 
in Table I. The parameter a', obtained from the fitting of the 
curves, is shown in Table I. Further, a similar small negative 
value of or' has also been obtained by other research groups 
(Ref 27 and references therein). From the calculated values 
of a' (Table I), it is seen that a'<\. This again strongly 
supports the validity of the small-polaron hopping 
conduction^' for the system of samples under investigation in 
contrast to the immobile bipolarons as reported by Zhao 
FIG. 4. (a) Variation of thermopower 5 (Ref. 8) as a function of 
inverse temperature \IT for LCMO-16 and LCMO-18. The solid 
lines indicate the best fit with Mott's SPH model of thermoelectric 
power [Eq. (5)]. (b) Themjal variation of the Seebeck coefficient (5) 
for the same samples. 
et al} The values of £ , obtained from TEP measurements 
are nearly one order of magnitude smaller than those ( M^,|, 
Table I) obtained from the resistivity data. The reason for 
such a difference, as originally pointed out by Mon and 
Davis" and also recently supported by others,^' is due to the 
thermally activated nature of hopping transport at high tem-
perature. This large difference is also an indication of the 
small-polaron hopping mechanism. The estimated value of 
the hopping energy Wff{=Wj^—Es) is presented in Table 1. 
We have further attempted to estimate the dimension of 
the polaron. According to Mott and Davis," small polarons 
should exist if the condition J< fVif/3 is satisfied. The value 
of the polaron bandwidth J is calculated independently from 
the model proposed by Mott and Davis," viz.. 
J~g^[W(£f)/6^]"2. (6) 
The values of the dielectric constant e^ are calculated from 
the relation 
WH=ey4eJl/r-.-l/R), (7) 
where the polaronic radius r^ and R. the average iniersite 
spacing, are estimated to have the same value of our recent 
reported work"* on the Lao.7Ca(Q3_^.,Na^.Mn03 (>• 
= 0.0-0.3) series of samples and the obtained value of f,, is 
12.81. Here we should mention that there is some uncertainly 
in the estimation of e^ indirectly from Eq. (7). We noiiced 
that for the manganite samples e^ varies from 5 to 15, for 
which J values vary firom 2 to 10 meV (approximately). 
These values of e^ agree with those obtained from IR reflec-
tion spectra. However, all these-^ values satisfy the condition 
of small-polaron hopping discussed below. Putting the values 
of N(Ef) and e^, the independently calculated value of J is 
2.98 meV (Table 1). Comparing the values of fVi,B and ./ 
given in Table I, we found thai J<^ Pf,//3. Hence the hopping 
is actually due to small polarons, which is also observed 
186401-4 
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from the TEP data discussed above. Here also we do not find 
evidence of large polarons as in the case of thermoelectric 
power data. This signifies that hopping is actually due to 
small polarons^ ** in the system studied by Zhao et a\* 
An attempt has also been made to confirm the nature 
of small-polaron hopping conduction for the present 
samples* from Holstein's condition.^' According to this con-
dition, the polaron bandwidth J should satisfy the 
inequality^"" '^ y><^ (for adiabatic hopping conduction) and 
J< 4> (for the nonadiabatic hopping conduction) where 
,t,=(2kj,TWHliry'\hv„H/iT) 11/2 (8) 
The value of <f> calculated from Eq. (8) for LCMO-16 is 
found to be 21.00 meV (Table I). Comparing these values of 
y and flJ (TabJe I), it is observed chat for the LCM0^i6 
sample. J<<f>; i.e., the nonadiabatic hopping condition is 
strictly satisfied. LCMO-18 and other samples also behave 
similarly. 
We have also made an effort to calculate the small-
polaron coupling constant y^ which is a measure of the el-ph 
interaction strength for these samples, using the relation-" 
yp = 2WfflhVpi,. The estimated values of y^ are given in 
Table I. The values of y^ are less than the strong electron-
phonon coupling limit, for which yp>^ (Ref 20). This in-
dicates the freezing (or melting) of the small polarons and 
the corresponding increase of eleciron-electron and spin-spin 
interactions, leading finally to the metallic state. Dynamic 
phase separation in the PM state as pointed out by Zhao 
et al} might appear due to the freezing of small polarons and 
the formation of both ferromagnetic and antiferromagnetic 
domains depending on the strength of exchange interaction 
which increases with the freezing of the small polarons. The 
estimated y^ values are of the same order of magnitude re-
ported earlier for similar samples,'" which further supports 
the theory of lattice distortion and, hence, the formation of 
small polarons. The y^ for the'^0 diffiised system is smaller 
than the"0-diffused system. This means that the isotope ef-
fect plays a dominant role in the electron-phonon interaction. 
The isotope effect is related to the electron-phonon interac-
tion constant (y^j, since tht pofaron effective mass (w,,) is 
proportional to exp(>' ,^). 
Finally, from the above discussion, we may conclude ihui 
the hopping mechanism in the LCMO-16, LCMO-18, and 
other samples is actually due to small polarons; consider-
ation of bipolarons as reported by Zhao ei al* is inadequate. 
We further affinn that the isotope effect is actually associated 
with the polaron effective mass—i.e., the eleciron-phonon 
interaction term. The SPH model discussed above is also 
valid for all other manganites and related materials in the 
form of both bulk and thin films. 
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Abstract 
Electronic and magnetic instability in polycrystalline Pro.65Cao.25Sro iMnOs manganite has been established from a 
systematic study of resistivity (p), magnetization (A/) and specific heat (C). The sample shows a charge ordenng 
transition at 7co~200K, an antiferromagnetic (AFM) ordering transition at rN~175K, a metal-insulator (MI) 
transition at 7 M I ~ 8 0 K and an unusual magnetic ordering transition at r,^~4SK in the absence of magnetic fields. 
Though the C data do not show any anomaly at TMI for MI transition, these illustrate a much smaller anomaly than 
expected one at 7M* and is suppressed by magnetic fields. This indicates that the unusual magnetic ordering in this 
sample is of canted, fluctuated or phase separation of AFM and ferromagnetic in nature which is established from the 
T-H phase diagram, as well as the thermal and magnetic hysteresis in p, M and C. 
© 2003 Elsevier Science B.V. All rights reserved. 
PACS: 75.30.V; 75.30.K; 75.60.E; 75.40.C 
Keywords. Manganites; CMR; Phase instability 
1. Introduction 
The complicated phase diagram in colossal 
magnetoresistive (CMR) materials [1,2], 
REi_;rAx:Mn03 (RE = trivalent rare earths, A = 
divalsnt alkaline earth metals), arises due 
to the interplay between double exchange (DE) 
•Corresponding author. Tel.: +886-7-525-3732; fax: +886-
7-525-3709. 
E-mail address: yang@mail.phys.nsysu.edu.tw 
(H.D. Yang). 
' Permanent address: Department of Physics, Aligarh Muslim 
University, Aligarh-202002, India. 
interaction and charge/orbital ordering (CO-OO). 
The interplay between DE interaction and GO-
0 0 can be tuned by changing the value of x [ f*^], 
by varying the radius of rare/alkaline earth metals 
[4], by applying electric/magnetic fields [5-7], by 
irradiating with X-ray/infrared radiation [8], by 
applying external pressure [9,10] and by Mn-site 
substitution [11-14]. 
Recently, it has been proposed that the ground 
state of CMR materials have electronic phase 
separation (PS), which is the simultaneous pre-
sence of sub-micrometer FM metallic phase 
percolated in an insulating charge ordering/ 
0304-8853/03/$-see front matter © 2003 Elsevier Science B V All nghti reserved 
doi: 10.1016/50304-8853(03)00268-3 
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antiferromagnetic (CO/AFM) matrix [15-20]. This 
PS scenario is of particular importance and 
favorable for the existence of out-of-equilibrium 
features. A little change of the fraction or the 
arrangement of the domains can induce the 
percolation. There is the possibility of emerging 
various interesting phenomena like time-depen-
dent relaxation, two level fluctuation, non-equili-
brium fluctuation, or relaxor ferroelectric behavior 
from the competition of the coexisting phases [15-
20]. However, those phenomena were observed in 
different samples at various conditions. Though 
the Pr-based CMR systems have been widely 
studied [21-26], there is no report on the detection 
of instability in phases of these materials from the 
systematic study of transport, magnetic and 
thermal properties. Therefore, we chose an inter-
esting system from our studied materials and 
thoroughly investigated the transport, magnetic 
and thermal properties to find out the electronic 
and magnetic instability in it. 
In this article, we report the observation of 
electronic and magnetic instability in polycrystal-
line Pro.6sCao.2sSro.iMn03 manganite presumably 
due to spin fluctuations, canted FM spins or PS of 
AFM and FM domains. These are concluded to be 
the possible origins of the occurrence of an 
unusual magnetic ordering state below TMI in it 
at low magnetic fields. 
2. Experimental details 
Polycrystalline Pro.6sCao.25Sro.iMn03 perovs-
kite manganite was prepared by the standard 
solid-state reaction method from the powdered 
raw materials of PreOn, CaO, MnOz and SrCOs. 
Homogenous combination of stoichiometric mix-
tures were heat treated at 900°C for 12h, followed 
by regrinding and firing at 1200°C for 12h. The 
resultant powders were palletized at a pressure 
~ 2 ton cm~^ and sintered in air at 1350°C for 48 h 
with in-between grinding, palletizing and anneal-
ing for three times. Powder X-ray diffraction data 
obtained by SIEMENS D5000 diffractometer 
using CuKa radiation showed single phase of it. 
Electrical resistivity (p) was measured by the 
standard four-probe method. Magnetization (M) 
measurements were performed by the commercial 
SQUID magnetometer in temperature 10-300 K 
and magnetic field 0-8 T. A high-resolution AC 
calorimeter was utilized to measure the relative 
specific heat, C [27]. Absolute value of C was 
obtained by using a heat pulse thermal relaxation 
(HPTR) calorimeter [28] at low temperature (0.6-
50 K). The hydrostatic pressure (/*) dependent AC 
magnetic susceptibility (Xa^ ) data were taken using 
the piston cylinder self-clamped technique [29]. It 
is noted that all data on p, M, and C were taken 
on cooling temperature unless when it is particu-
larly specified for warming. 
3. Results and discussion 
Temperature variation of resistivity (p) of 
Pro.65Cao.2sSro.iMn03 at various magnetic fields 
(H) are shown in Fig. la. The MI transition 
becomes broader and the TMI moves to higher 
temperatures with the increase of H, which is 
consistent with that observed in other systems 
[1,2]. The CO stiite is observed (as indicated by 
Tco in Fig. la) up to a magnetic field of 2.5T. 
Dependence of magnetization (M) on temperature 
at various applied magnetic fields (0.01-8 T) is 
shown in Fig. lb. The ferromagnetic transition 
temperature (7c), defined as the temperature 
where magnetization is saturated (indicated by 
arrow in Fig. lb), rises with the increase of 
magnetic fields. Situation at 2 T is very different 
from others where magnetization starts to increase 
at r~200K, and exhibits a shoulder at T ~ 175 K, 
then increases and finally becomes saturated at 
7'~80K though these transitions are not .so vivid 
from temperature variation of p at 2T (Fig. la). 
The temperature dependence of specific heat (C) 
generally accounts for the anomalies correspond-
ing to different thermodynamic phase transitions 
[23]. It is a bulk property and shows a rather small 
(or undetectable) anomaly due to minor impurity, 
short range or meta-stable ordering phases. Fig. 2 
illustrates the temperature distinction of C for this 
sample at diverse magnetic fields (0-8 T), where 
anomalies owing to AFM, CO and FM transitions 
are noticed, respectively, at TN, TCO and 7c. The 
AFM and CO anomalies are clearly observed up 
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Fig I Temperature dependence of (a) resistivity (p) m 
logarithmic scale and (b) magnetization (A/) Tor 
Pro6sCao2sSroiMnO} sample at vanous magnetic fields (0-
8T) The charge ordermg (rco), metal-msulator (TV,,), 
ferromagnetic (Tc) and unusual magnetic ordering (7"^) 
transition temperatures are indicated by arrows For clearness, 
some data curves are removed 
to 2.3 T and the F M anomalies are detected from 3 
to 8 T (Fig. 2). These observations are in accor-
dance with the data dembnstrated in Figs. 1 a and 
b. However, from Fig. 2 we could not successfully 
resolve any specific heat anomaly at r M i ~ 8 0 K 
(for details, see Fig. 6). We thus speculate that the 
magnetic ordering state at low magnetic fields and 
low temperatures (below TMI) in this sample 
IS very unusual and denoted as mixing ( A F M + 
FM)Af. According to the results of Figs. I and 2, 
the T~H phase diagram of this manganite is 
shown in Fig. 3, where paramagnetic insulating 
(PMI), charge-ordered insulating (COI), antifi;rro-
magnetic insulating (AFMI) , ferromagnetic me-
tallic ( F M M ) and unusual magnetic metallic 
(AFM + FM)M regions are clearly indicated The 
T(K) 
Fig 2 Temperature variation of specific heat (C) for 
ProesCdozsSroiMnOj sample at vanous magnetic fields 
(0-8T) The anomalies corresponding to charge ordering 
(Tco), antiferromagnetic (TN) and ferromagnetic (Tt) tranii-










Fig 3 Phase diagram (T-H) for Pro esCao USTO iMnOi drawn 
on the basis of the results of Figs 1 and 2 (AFM + FM)A/ 
states are represented by the shaded region 
unusual mixed (AFM + F M ) M state may be due 
to electronic and magnetic instability or the PS of 
A F M and F M domains in the sample below TMI 
353 
218 S. Mollah el at. I Journal of Magnetism and Magnetic Materials 265 (2003) 215-221 
at low magnetic fields. In the following para-
graphs, we present more detailed data and further 
discuss these phenomena. 
3.1. Detection of the unusual magnetic state in 
Pro.65Cao.2sSro.1MnO3 
It is fascinating to note that the maximum 
magneto-resistance MR = -\p{H) - p{0)]/p(0) at 
70 K (near its TM}) obtained from Fig. la is as high 
as 50%, 80% and 99% correspondingly at low 
magnetic fields of 0.1, 0.2 and 0.5 T. This may be 
due to a particular unstable mixing phase of a 
weak CO insulating at high temperatures and a 
(AFM + FM).A/ phase at low temperatures in it. 
Therefore, the application of a low magnetic field 
(<0.5T) is enough to partially melt the CO phase 
and percolate the FM state to enhance the 
metallicity. Hence, the large enhancement of MR 
indicates its electronic and magnetic instability or 
PS below its TMI at low magnetic fields. This is an 
indirect evidence that the lattice distortion accom-
panied with AFM/CO plays an important role to 
exhibit a huge MR in CMR systems. 
Fig. 4 shows the hydrostatic pressure (/*) 
dependent AC magnetic susceptibility (x^c) mea-
sured in warming temperature from 80 to 280 K. 
At ambient pressure, there is a very small anomaly 
at 200 K owing to CO transition. With the increase 
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Fig. 4. Hydrostatic pressure (P) dependent AC magnetic 
susceptibility (j^^) measured at warming temperature from 80 
to 280 K. 
becomes very similar to that of temperature 
dependent magnetization in various magnetic 
fields (Fig. lb). The behavior for pressure of 
7.4 kbar on AC susceptibility is almost the same as 
that of magnetic field of 2T on magnetization 
shown in Fig. lb. A sharp transition due to FM 
ordering is observed at Tc ~ 200 K for the pressure 
of 9.9 kbar. This is similar to that observed in 
Pro.7Cao.3Mn03 [26] and (Ndo.6Lao.4)o.5Sro.5Mn03 
[30]. However, this is in contrast with that 
observed in (Ndi_^Smy)o.5Sro.5Mn03 (for 
;' = 0.875) where the pressure induces the CO 
transition and increases Tc [9]. Basically, the 
external pressure can stabilize the structure (reduce 
the distortion) and suppress the spin fluctuations 
in perovskite manganites [31]. It can also melt the 
CO state and transform the system from PMI to 
FMM state [26]. Therefore, it is reasonable to see 
the increase of 7c due to the increased connectiv-
ity among the meta-stable FM domains by melting 
of CO states with the increase of pressure. This 
also designates the electronic and magnetic in-
stability in this sample due to spin fluctuations or 
PS beiow TMI. 
The magnetic hysteresis of p and M at a fixed 
temperature of 10 K are shown in Fig. 5. Here, the 
sample was first cooled down to 10 K at zero 
magnetic field, then the resistivity and magnetiza-
tion measurements were taken by sweeping the 
applied magnetic field up and then down. The 
resistivity decreases with increasing magnetic 
fields. It slightly increases from the minimum 
value in the course of decreasing magnetic fields 
and the irreversibiUty occurs at H~3T. Magne-
tization curves also show similar irreversible 
performance at a lower magnetic field of ~2T. 
In the absence of magnetic field, the FM spins may 
be canted, or meta-stable, or fluctuating, or mixed 
with AFM spins, in this sample. So the magnetiza-
tion is small as the H is small during increasing 
and decreasing of magnetic fields. But the FM 
spins are better aligned, the spin fluctuations are 
decreased and perhaps the long-range FM order is 
achieved above 2T confirming the saturation of 
magnetization and resistivity. Hence it is once 
more specified that the canted or fluctuated FM 
spins are stabilized above 2T and long range FM 
ordering is achieved. It is noted that both the p 
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Fig 5 Magnetic hysteresis of resistivity (p) in loganthmic scale 
and magnetization (A/) at a fixed temperature (10 K) The 
curves dunng sweeping up and down the magnetic fields are 
indicated by arrows The kinks in p and M around 1T are 
denoted by arrows 
and M curves exhibit a kink at a magnetic field of 
approximately 1T (indicated by arrows in Fig. 5) 
m the sweeping up mode. Similar kink in 
magnetization at 13 K is also detected by Tomioka 
et al. [32] at a higher magnetic field (3-4 T) in a 
Pro iC&o sMnOs single crystal, which is insulating 
at all temperatures\ in the absence of magnetic 
field. The authors [32] have explained this &r the 
irreversible turn out of canted AFM to FM states 
and are confirmed from the temperature variation 
of resistivity curves. The magnetic field dependent 
resistivity of Pro 7Cao aMnOs single crystal at 13 K 
[32] is different from that of our sample at 10 K. 
In Ref. [32], there is a sharp drop of resistivity 
(10 orders of magnitude) around 3-4 T (where 
the kink in magnetization is observed) during the 
field sweeping up and the resistivity is not 
increased from the minimum value with the field 
sweeping down, confirming the irreversible turn 
out of canted AFM spins to FM ones. However, in 
our sample the kmk of resistivity is observed at 1 T 
(where the kink in magnetization is also observed) 
and the p slightly increases with the field sweeping 
down. Therefore, it is likely that the kink in our 
system is the transformation of canted or fluctu-
ated FM to FM. This implies that the transport 
mechanism in Pro65Cao25SroiMn03 is somewhat 
different from that in Pro7Cao3Mn03 single 
crystal [32] and possibly due to the electronic and 
magnetic instability or the probable PS of AFM 
and FM state. 
The final verification on the electronic and 
magnetic instability in Pro65Cao25Sro iMnOa be-
low TMI at low magnetic fields is attained from the 
C/T vs. T curves (Fig. 6). It is well established 
[1,2] that the CO insulating state is unstable under 
high magnetic fields and a MI transition leading to 
FMM state can take place due to the melting of 
CO insulating state. Generally, the FM transition 
temperature (Jc) and the MI transition tempera-
ture (7MI) are close to each other [1,2]. Compre-
100 
T(K) 
Fig 6 C/T vs T curves at different magnetic fields (0-2 T) 
The unusual magnetic transition temperature (7^) and the data 
dunng cooling and warming are indicated by arrows The inset 
shows the absolute C/T vs 7" measured by HPTR calorimeter 
at zero field 
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hensible anomalies should be observed in C 
because of stable FM phase transitions [23]. 
Within this scenario, the absence of anomaly in 
C near TMI, the presence of small specific heat 
anomaly at T^ and the substantial difference 
between TMI and 7^ would indicate the instability 
of the (AFM + FM) state below JMI. Here the FM 
metallic phases may be percolated to the CO/AFM 
matrix. Fig. 6 shows no anomaly at rMi~80K 
corresponding to MI transition (observed in Fig. 
1), but demonstrates a rather smaller than 
expected one at 7^~45K (shown by arrow in 
Fig. 6) at low magnetic fields (<1T). The zero 
field C data taken in cooling and warming 
illustrate that the anomalies occur at same 
temperature (7^) without resolvable hysteresis. 
The inset of Fig. 6 shows the absolute values 
(taken by HPTR calorimeter) of discrete C/T data 
of the sample at zero magnetic field, in which the 
anomaly around 45 K is further confirmed. The 
approximate magnitude of jump seen in the 
specific heat (AC) estimated from the inset of 
Fig. 6 at rM~45K is only about 0.85J/molK, 
whereas that of CO transition at zero field (Fig. 2) 
is about 19J/molK. The AC associated with the 
magnetic ordermg transition at 7^ ~45 K (Fig. 6) 
is also much smaller than that of a typical FM 
transition (30.4J/molK) at rc~200K and 
H — 3T (Fig. 2). In addition, this small anomaly 
(0.85J/molK) due to unusual magnetic transition 
is also smeared at H = 1-2T (Figs. 2 and 6) but 
resumes at rc~200K and ^ = 3T (Fig. 2). Thus 
we speculate that the unusual magnetic ordering 
state in Pr^esCao 25Sro.iMn03 below TMI ~ 80 K at 
low magnetic fields is different from that of a 
typical FMM state. Moreover, the existence of 
unusual magnetic ordering state in this sample 
below rMi~80K reflects the electronic and 
magnetic instability in nature due to canted, 
fluctuated or the PS of AFM and FM. 
4. Conclusions 
From the systematic studies on the temperature 
and magnetic field dependence of resistivity, 
magnetization, pressure effect and specific heat of 
polycrystalhne ProfisCaoasSro iMn03 perovskite 
manganite, it has been confirmed that the sample 
shows an unusual magnetic metallic state below 
TMI at low magnetic fields. This unusual state is 
clearly identified in T~H phase diagram (shaded 
area in Fig. 3) using various measurements. It has 
been explained that the unusual magnetic ordering 
state in this sample is due to the electronic and 
magnetic instability resulted from the interplay 
between the CO/AFM insulating state and FM 
metallic state. Our results have also clearly 
demonstrated that the spins in this region may 
be canted, fluctuated or possible PS of AFM and 
FM in nature and can be stabilized by applying 
magnetic field or external pressure to achieve the 
long range FM state. 
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Abstract 
Specific heat (C) studies with a wide range of temperatures (7" = 80-300 K) on polycrystalline manganites 
Pri_;cCaxMn03 (113-PCMO) with x = 0.3-0.4, Lai_,Ca^Mn03 (113-LCMO) with >; = 0.3 and 0.5, and 
La2_2jSri+2;Mn207 (327-LSMO) with z = 0.3 and 0.5 are reported. Clear anomalies in C are identified which are 
associated with charge ordering (CO), antiferromagnetic (AFM) and ferromagnetic (FM) transitions. The anomalies in 
113-PCMO and 113-LSMO are bigger than those of 327-LSMO. The possible explanations are discussed on the basis of 
dimensionality effects. 
© 2003 Elsevier Science B.V. All rights reserved. 
Keywords: Specific Heat; Charge ordering; Magnetic ordering; Manganites 
The manganites of the Ruddlesden-Popper series, 
R;,+iMn„03„+i (R = trivalent rare earth metals and n 
accounts for the dimensionality) illustrate many inter-
esting properties like colossal magnetoresistance 
(CMR), charge ordering (CO) and magnetic field 
induced transitions when R is partially substituted by 
a divalent cation A [1,2]. The temperature dependence of 
specific heat ( Q of these manganites clearly indicates the 
anomalies corresponding to the various phase transi-
tions [3]. The present paper deals with the comparative 
specific heat study of 3D infinite layered manganites 
(113-PSMO and 113-LSMO) and quasi-2D bi-layered 
327-LSMO. Polycrystalline Pri_;fCa;,Mn03 (113-
PCMO) with X = 0.3-0.4, Lai_,Ca,Mn03 (113-LCMO) 
with >' = 0.3 and 0.5, and La2-2iSri+2,Mn207 (327-
LSMO) with z = 0.3 and 0.5 oxides were synthesized by 
a standard solid-state-reaction method using the powder 
raw materials Pr60ii, La203, CaO, SrC03 and Mn02 
•Corresponding author. Tel.: + 886-7-5253700; fax: +886-7-
5253709. 
E-mail address: hdynag@nsc.gov.tw, yang@mail.phys. 
nsysu.edu.tw (H.D. Yang). 
with purity 99.9 percent or better. For details of 
preparation, please see Refs. [4,5]. Relative specific heat 
measurements in high temperature (80-300 K) were 
performed with a high resolution AC calorimeter using 
chopped light as the heat source [6]. 
Fig. 1 shows the temperature variation of specific heat 
(C) of Pri_:tCa;tMn03 (113-PCMO) manganites. Clear 
anomalies for AFM (TN ~ 160-165 K) and CO 
(Tco~215-227 K) transitions are observed in samples 
with X = 0.35-0.4 and the transition temperatures 
increase with the increase of x. While .v = 0.3, the 
anomaly in C due to AFM or CO transition is smeared 
out. It is well established that the CO state is most stable 
with X = 0.5 and is destabilized with the decrease of x. 
As the CO transition vanishes with .r$0.3, the boundary 
value of X for CO transition in this system is 0.3. 
Temperature dependence of C for Lai_^Ca^Mn03 (113-
LCMO) with y = 0.3 and 0.5, and La2-2.-Sri+2..Mn207 
(327-LSMO) with z = 0.3 and 0.5 samples are displayed 
in Fig. 2. The anomalies for FM transition {Tc~ 100 K) 
in Lai,4Sri.6Mn207, CO transition ( r c o ~ 2 2 0 K ) m 
LaSr2Mn207, FM transition ( r c ~ 2 3 0 K ) m 
Lao7Cao3Mn03 and AFM ( F N - 130 K) as well as CO 
0921-4526/03/S-see front matter © 2003 Elsevier Science B.V. All rights reserved. 
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Fig. I. Temperature variation of specific heat (C) of 
Pri..,Ca.vMnOj (113-PCMO) with x = 0.3-0.4 manganites. 
300 
Fig. 2. Temperature dependence of specific heal (C) of 
Lai-vCa^MnOs (113-LCMO) with v = 0.3 and 0.5, and 
La2.2.-Sri4.:^ .Mn207 (327-LSMO) with z = 0.3 and 0.5. 
(7co~180K) transitions in Lao.5Cao.5Mn03 can be 
clearly identified. The magnitude and temperature of 
specific-heat anomalies exhibited in 113-LCMO and 
113-PCMO are consistent with those reported [3]. 
Interestingly the trivalent rare earth plays a dominant 
role in magnetic transitions as a very large peak is 
observed in Lai-jCa^MnOs for FM transition (Fig. 2) 
where as no definite peak is detected in Pri_^Ca.vMn03 
(Fig. I) for jc = 0.3 in the temperature range of present 
investigation. It also deserves noting that the magni-
tudes of specific heat anomalies observed in quasi-2C) 
manganites (327-LCMO) are much smaller than those in 
3D ones (113-PCMO). This may be due to the 40 
percent higher density of Mn , atoms 
(18.23 Mn atom/nm^) with infinite niunber of MnO^ 
layers along the c direction in 3D systems compared to 
the quasi-2D one in which the density of Mn atoms is 
13.18 Mn atom/nm-* and has double MnOj layers along 
the same direction. The 2D character of magnetism in 
bi-layered manganites is also caused by the reduction of 
exchange coupling along the c direction. Hence the 
stronger exchange interaction in 3D perovskites com-
pared to 2D bi-layered systems may give rise to bigger 
specific heat anomaly in the former compared to the 
latter. This dimensionality effect on the entropy change 
associated with the thermodynamics of phase transitions 
in these manganites require further detailed quantitative 
analysis. 
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Abstract 
The specific beat ( Q of bi-layered manganites Laj - 2iSri +2zMn207 (x = 0 3 and 0 S) is investigated for the ground state of 
low temperature excitations. A 7*^ dq>endent term in the low temperature specific heat (LTSH) is identified at zero magnetic 
fieid and suppressed by magnetic fields for A; = 0.3 sample, which is consistent with a ferromagnetic metallic-ground state For 
X = O.S sample, a T^ term is observed and is consistent with a two-dimensional (2D) antiferromagnetic insulator However, it is 
almost mdependent of magnetic field withm the range of measured temperature (0 6-10 K) and magnetic field (6 T) 
O 2003 Elsevier Science Ltd All nghts reserved 
PACS 75 30 Vn, 6540 - b . 7 5 4 0 - s 
Keywords A Magnebcally ordered matenals, D Heat capacity; 0 Exchange and Superexchange 
1. Introduction 
Other than a large number of experimental and 
theoretical studies [1-4] focusing on the extraordinary 
electronic and magnetic properues of colossal magneto-
resistance (CMR) matenals Rj _ ^^jMnOa (where R is a 
tnvalent rax earth and A is a divalent alkah earth metal), the 
low temperature specific heat (LTSH) of these matenals 
without [5-13] or with [14-20] magnetic fields has also 
been extensively studied However, different results with 
sample on measurement dependence have been reported 
For example, several groups [5-7,11] were unable to 
resolve a magnetic contnbution in their LTSH data on 
infinite layered fenomagneuc (FM) metaUic Ri - xA^^nO) 
(R = La, Pr or Nd, A = Ca, Sr or Ba) matenals In contrast, 
Woodfield et al [9] and Okuda et al [IS] have included a 
magnetic f^ term as fitting their LTSH data of FM metallic 
* Corresponding author 
E-mail address yang@mail phys nsysu edu tw (H D Yang) 
Lai _ ^r^jMnOj Moreover, an excess contnbution to the 
LTSH data showing a magnetic field independent non-
magnetic ongin was observed in charge-ordered (CO) 
LaosCaojMnOs [10] and Pri-^Ca^MnOs (17) systems 
However, to our knowledge, there is not many LTSH data 
on bi-layered manganites La2 - "jrSri + 2xMn207 In analogy 
with the three-dimensional (3D) manganites, most recently, 
the bi-layered quasi two-dimensional (2D) La2-2xSri+2x 
MnjO? has also attracted considerable attention due to 
Its reduced dimensionality Studies have shown that a 
reduction in the dimensionality of Mn-O-Mn networks 
in 2D manganites leads to significant changes m the 
CMR related properties, including enhanced magnetore-
sistance (MR) effects [21,22] and 2D short range 
magnetic fluctuation [23-25] Continuing our previous 
studies of pressure [22] and lonic-size [26] effects 
on the transport and magnetic properties, we here report 
the LTSH of the FM metallic La, 4Sr, jMnjOT (for 
jr = 0 3) and the CO insulating LaSr2Mn207 
(for ;c = 0 5) 
0038-1098/03/$ - see front matter © 2003 Elsevier Science Ud All nghts reserved 
doi 10 1016^0038-1098(03)00391 0 
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2. Experimental details 
Lai - i ^ r , +2»Mn207 (x = 0.3 and 0.5) polycrysuUine 
samples were prepared by the standard solid-state reaction 
method. Detailed preparation and characterization of 
samples were described elsewhere [22,26]. Electrical 
resistivity (p) of rectangular parallelepiped samples was 
measured by standard four-probe technique. Magnetization 
(M) measurement was conducted by the commercial 
superconducting quantum interference (SQUID) device 
magnetometer. LTSH was measured from 0.6 to 10 K 
with a ^He thermal relaxation calorimeter using the heat-
pulse technique. Details of the measurement and system 
calibration can be found in Refs. [27,28], 
3. Results and discussion 
The temperature dependence of resistivity (p) and 
magnetization (AO of samples Lai.4Sri.6Mn207 and LaSr2. 
Mn207 are shown in Fig. 1. It is found that the FM transition 
occurs at 110 K for Lai.4Sri.6Mn207 and the CO transition 
occurs at 220 K for LaSr2Mn207. These resistive and 
magnetic behaviors observed in these polycrystalline 
samples are fairiy consistent with those reported [21-26, 
29]. It is noted that an antiferromagnetic transition 
(TN ~ 170 K) in LaSr2Mn207 determined by neutron 
i! ° La„Sr,^Mnp, 
• LaSrjMojO, 
no ISO 300 250 300 
T(K) 
Fig. 1. Temperature dependence of resisdvity (p) and magnetization 
(M) of Lai.4Sri.6Mn207 and LaSr2Mn207 samples. M was measured 
in a magnedc field of 100 Oe. The ferromagnetic ordering 
temperature (TQ) and charge ordering temperature {Tco) are marked 
by arrows. 
diffraction [30] shows no clear feature in our magnetization 
data. 
The low temperature (0.6-10 K) specific heat plotted by 
OT vs. T of La2-ixSri+2^Mn207 (x =--0.3 and 0.5) 
compounds at zero magnetic field is shown in Fig. 2. We 
have attempted to model our LTSH data by assuming that 
the total specific heat is made of four distinct contributions 
determined by 
CuA — Qyp + Qlc + Cmap + C|,,|, ( I ) 
where the Qyp = AIT^ is the hyperfine contribution caused 
by the local magnetic field at the Mn nucleus due to 
electrons in unfilled shells, Cck = yT is the electronic term 
due to free charge carriers, the Ci„ = pT^ is the phonon 
contribution (T^ anharmonic term has negligible effect in 
our fitting range), and the C^^ ~ V (T^ for ferromagnetic 
and T^ for 2D antiferromagnetic) is the spin wave 
contribution to the specific heat with the value of the 
exponent n depending on the nature of magnetic excitations. 
Thus the data have been fitted using 
C(T) = A/T^ + yT + BT^ +DT^+pT\ (2) 
First, we fit the data using all five terms in Eq. (2) resulting 
in negative values of parameters. Then we try to fit the data 
using different assumptions such to set only one or two 
parameters equal to zero. By varying different combinations 
in the fitting process, it is found that the best fit (smallest 
standard deviation, S.D.) occurs as D = 0 for .x = 0.3 and 
B = 0 for J = 0.5. The fitting results of zero field data of 
La2-2xSri +2xMn207 samples are listed in Table I where 
the combinations getting unreasonable S.D. or unphysical 
fitting parameters are not included. The existence of T and 
T^ terms in J: = 0.3 sample indicates a FM metallic ground 
state and is consistent with the resistivity and magnetization 
data (Fig. 1). This result is also similar to that observed in 
FM metallic Lao.TSro.jMnOa [9]. The observation of T^ term 
in X = 0.5 sample suggests a 2D type-A antiferromagnetic 
(AFM) order. It is reminded that these T^ and T^ magnetic 
terms were unable to resolve in many reports [5-7,11] on 
60 —V— LaSr,MnjO, 
10 
TTK) 
Fig. 2. Low-temperaiure specific heat C/T vs. 7" of Lai ^Sri -^MniO? 
and LaSrjMn^ OT manganites at zero field. The solid lines are the 
best fit to Eq. (2). See text for details. 
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Table 1 
Summary of fitting (with Eq. (2)) results to the data in Fig, 2. The units of different quantities are A (mJ K/mol), yCmJ/mol K )^, S (mJ/mol K''^). 
D (mJ/mol K'), and P (mJ/mol K*). (S.D.) represents the standard deviation of the fitting. The asterisk ( • ) denotes the best fit (smallest S.D.) 
parameters. For other combinations getting unreasonable S.D. or unphysical fitting parameters are not included 
ti2-2xS'l + lM'*:f>^ B P (S.D.)-
x = Q.3 
X = 0 .3 ' 
* = 0.3 
,t = 0.5 
x = 0.5 
X = 0.5* 











































Ri - r^A^ MnOa which may be due to the contributions being 
too small or screened by T^ lattice tenn. However, the non-
zero value of -y obtained in the insulating LaSr2Mn207 may 
be due to disorder effects and similar to that observed in 
LaojCao.iMn03 [17]. This probably results from some kind 
of super-exchange interaction of AFM ordered Mn ions 
rather than from conduction electrons. The values of Debye 
temperature &D = 4S9 and 378 K derived from the lattice 
term p of x = 0.3 and 0.5 samples, respectively, are 
comparable with those found in R, -^^^MnOj [9,11]. It is 
noted that the non-zero B and D in the fit will obtain the 
negative -y and a too small p (i.e. very large 6^) values. Thus 
it suggests that the mixing of FM and AFM states is 
unfavorable. 
The magnetic field effect on the LTSH of the samples 
plotted by C/T vs. T^ is shown in Fig. 3. The LTSH of 
X = 0.3 FM metallic sample is suppressed by a magnetic 
field of 6T, particularly more pronounced at lower 
temperatures. The data in magnetic field (6T) was fitted 
to Eq. (2) with the C^,^ replaced by the spin wave relation 
C,^W.T) = ki'^f '3/2 rae x'e' J tl^Hllc,T (e" - 1)^  
x . . - ^ d , . (3) 
where J: = (giLaH + Dk^yk^T and D = 2JSa^ is the spin 
stiffness constant. From the fit, the T — 8.51 mJ/mol K^  was 
obtained. The similar reduction of LTSH by magnetic field 
has been observed in Lai-;^rxMn03 [15] which is 
consistent with the trend in Lai.3Sri.7Mn207 [30] and is 
attributed to the suppression of the thermal excitation of spin 
wave by a magnetic field. It is noted that the thermal 
excitation of spin wave can be enhanced by the reduction of 
magnetic dimensionality, while it is also more suppressed 
by the magnetic field in quasi-2D bi-layered La2 - 2jtSri+2x-
Mn207 compared to 3D cubic Lai - xSrj^nOj manganites 
[30]. The nearly paralleled curves with magnetic fields for 
each compound suggest the negetive field effect on the 
lattice contribution. It is stfiking that the LTSH of x = 0.5. 
CO insulating sample is almost magnetic field independent 
up to 6 T, This observation is similar to that in Lao sCUd 5. 
Mn03 reported by Smolyaninova et at. [10.17] and the 
origin is unclear. Therefore, there Is no significant 
dimensionality effect on the LTSH of quasi-2D and 3D 
manganites though they have some different CMR related 
properties. 
4. Conclusions 
The LTSH of bi-layered La2 - 2;^ri + TMniOy {x = 0.3 
and 0.5) has been studied. Several points can be concluded 
80 • 1 ' 1 ' r 
^,.,Sr,_.Mn,0, 
t ^ 20 
E 60 
LaSrjMnjO, 




Fig. 3. C/T vs. 7 ' of La, 4Sri4Mn207 and LaSfzMnjOj .sample; 
with H = 0 a n d 6 T . The solid line in La, ^Sr, (,Mn207 at 6 T is a fil 
to Eq. (3). 
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from our data. (1) There exists a T^ dependent teiin in 
LTSH of metallic ferromagnetic La, ^St, 6Mn207. (2) The 
T^ dependent LTSH was observed in the insulating 
antiferromagnetic LaSr^Mn^Ov. (3) The LTSH of metalhc 
FM Lai 4Sri 6Mn207 is reduced by magnetic fields in 
accordance with the spin wave relation. However, (4) the 
LTSH of CO LaSr2Mn207 is magnetic field independent and 
is similar to that in LaosCaosMnOs. (S) No significant 
dimensionality effect is found between quasi-2D and 3D 
manganites in the feature of LTSH. 
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